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Abstract 
Psychological and physiological responses to floor impact noise 
Sang Hee Park 
 
This research investigated psychological and physiological responses to floor impact 
noise. It consists of six studies. The first study carried out 24-hour noise 
measurements inside real residences in multi-family housing buildings. Different 
airborne and structure-borne noise sources, and their characteristics (e.g. noise level) 
were identified. Slab thickness did not have any correlation with the noise 
characteristics. It implies that although the slab thickness is an important factor, other 
physical characteristics and upstairs neighbours’ activities are also important 
determinants. The second and third studies measured psychological and 
physiological responses to floor impact noise in laboratory settings. Real and 
standard impact noise sources (e.g. human footsteps and the impact ball) were used 
as stimuli. Noticeability and annoyance increased as the noise level increased. There 
were significant differences between real and standard impact noise exposure in the 
noticeability and annoyance. The noise exposure also changed the physiological 
responses. In addition, self-reported noise sensitivity had significant impacts on the 
responses; greater responses were shown by the high noise-sensitivity group. The 
fourth study investigated emotions evoked by the floor impact noise. Emotion 
lexicons were collected from previous interview transcripts and online postings. The 
lexicons were then sampled and clustered into grouped through survey studies. Four 
emotion clusters (anger, dislike, pain, and empathy) were examined in a laboratory 
study when the noise stimuli were presented. The results showed that the emotions 
had strong correlations with the noise level and annoyance. Noise sensitivity and 
attitude towards neighbours showed significant influences on the responses. The fifth 
study tested those found so far in the previous chapters. Their psychological 
responses to indoor noise (e.g. annoyance) were found to be influenced by various 
factors (e.g. noise sensitivity). Outdoor noise level did not have any masking effect 
on the indoor noise responses. In addition, the psychological responses to indoor 
noise had significant effects on blood pressure and health-related quality of life. The 
sixth study investigated the relationship between residents’ attitudes towards 
neighbours and their coping strategies. Of many conditions which may influence their 
attitudes and copings, the chapter particularly highlights three conditions: attitudes 
shown by the neighbours, past experience/history, and predictability/uncertainty.
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Introduction 
1 
 
1 Introduction 
1.1 Research background  
The distinction between noise and sound has long been made. Sound is a 
change in air pressure that is detected by the ear, whereas noise is a psychological 
concept and is defined as sound that is unwanted by the listener (Cohen and 
Weinstein, 1981). In other words, sound can be perceived as noise if the listener 
perceives it as unpleasant or physiologically harmful, or recognises it disturbs 
activities (Cohen and Weinstein, 1981). Environmental noise includes noises made 
by various noise sources such as transportation, machinery, and neighbours 
(Berglund and Lindvall, 1995). Research on environmental noise has proposed that 
noise is a threat to public health and well-being. Noise not only causes auditory 
health problems such as hearing impairment and hearing loss but also causes 
various non-auditory risks on health and well-being. For instance, transportation 
noise has been known to have adverse psychological effects such as annoyance (e.g. 
Öhrström et al., 1980; Ouis, 2001) and risks on physical health such as heart trouble 
(e.g. Parrot et al., 1992; Babisch, 2008). The adverse noise effects have been assessed 
with diverse research methods including social surveys and laboratory experiments 
(e.g. Öhrström and Rylander, 1982; Fyhri and Aasvang, 2010). Moreover, studies 
on transportation or machinery noises have carried out long-term noise 
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measurements (e.g. for 24 hours) in order to evaluate the effects of noise on human 
(e.g. Miedema and Vos, 1998; Miedema and Vos, 2004). On the other hand, there 
is a lack of such noise measurements which can examine what kinds of indoor noise 
events residents are exposed to in their daily lives, particularly in multi-family 
housing buildings. There is also a lack of evidence explaining the adverse effects of 
neighbour noise, particularly of floor impact noise.  
Multi-family housing is one of the dominant housing types in many 
countries. For example, one in seven (14%) would live in a flat or maisonette in the 
UK (Atkin, 2017). Multi-family housing is more dominant in several countries. In 
particular, Statistics Korea (2017) reported that such type of housing with 
reinforced concrete structure accounted for over 60.1 % of the whole housing units. 
Residents in this type of buildings are easily exposed to numerous noises from their 
neighbours which lead to a large number of noise complaints (Jeon et al., 2015). 
One of the ways to reduce the level of noise from upstairs is to increase slab 
thickness. Slab thicknesses of the buildings mostly ranged from 120 to 180 mm 
before 2005 without any legal regulation, but the Korean Government has 
strengthened the domestic regulation to increase the concrete slab thicknesses 
(Ministry of Construction and Transportation, 2005). The current law clearly states 
that the concrete slab should be 210 mm or thicker (Ministry of Land, 
Infrastructure and Transport, 2018). It has been empirically proven that the impact 
sound insulation of the floors improves with the increased concrete slab thickness. 
Jeon et al. (2006b) examined the effects of the structural stiffness of concrete slabs 
on the floor impact noise produced by the heavy-weight impact source by the field 
measurement and the FEM (Finite Element Modelling). They tested the concrete 
thickness ranging from 150 to 240 mm. The results showed that every 30 mm 
increment of concrete slab decreased 2 dB of the floor impact sound pressure level 
(Li,Fmax,AW). 
This can be supported by the mass law theory of the effect of increment in 
slab thickness on the sound insulation (Hopkins, 2007). The transmission loss in 
decibels for normal incident non-resonant transmission (𝑅୒ୖ,଴°) gives the following 
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equation. Using the equation, the increment of thickness from 180 mm to 210 mm 
leads to 1.3 dB difference.  
𝑅୒ୖ,଴° =  10lg ቆ1 + ൬
𝜔𝜌௦
2𝜌଴𝑐଴
൰
ଶ
ቇ 
 
where 𝜔  is angular frequency or velocity (radians/s), 𝜌௦  is mass per unit 
area/surface density (kg/m2), 𝜌଴ is density of air (kg/m3), and 𝑐଴ is phase velocity 
of sound in air (m/s). 
However, the number of noise complaints regarding neighbour noise has 
still increased. The number of complaints about neighbour noise registered to the 
Ministry of Environment of South Korea doubled from 2005 to 2010 (Cha and Ko, 
2013). Given that most of the complaints could have also been raised from residents 
living in old buildings with thinner slabs which were built before 2005, it is still 
unknown whether or not the increased slab thickness is effective in reducing the 
indoor noise level in the real residential buildings. In addition, the Korean 
Government started operating the Floor Noise Management Centre from 2012 in 
order to particularly deal with noise complaints regarding neighbour noise. The 
public can register noise complaints and apply for on-site noise measurements if 
needed. The Floor Noise Management Centre publishes monthly reports showing 
statistics of the noise complaints and on-site noise measurements. According to the 
recent report published in May 2018, there were more than one hundred thousands 
of noise complaints registered between its establishment in 2012 and end of May 
2018 (Table 1-1). The report addressed that 28.5 % of the complainants applied for 
the on-site noise measurements. Of the completed on-site noise measurements, 
82.6 % were due to floor impact noise which footstep noise accounted for 70.9 %. 
Most of the complainants were residents in multi-family housing buildings but there 
is a lack of investigation whether each house’s slab thickness correlated with the 
noise exposure. It was also reported that many of the complainants had experienced 
disputes and conflicts with their neighbours because of the noise (Floor Noise 
Management Centre, 2018). Furthermore, there were four murder cases caused by 
neighbour noise only in 2013 (Park, 2015a). 
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Table 1-1. The number of noise complaints and on-site noise measurements in 
each year from 2012 to 2017 (Floor Noise Management Centre, 2018). 
Year 
Number of 
noise complaints 
Number of 
on-site noise measurements 
Sum Phone-calls Online Applied Completed 
2012 8,795 7,021 1,774 1,829 728 
2013 18,524 15,455 3,069 3,271 2,620 
2014 20,641 16,370 4,271 4,465 4,617 
2015 19,278 15,619 3,659 4,712 5,000 
2016 19,495 14,204 5,291 6,306 5,741 
2017 22,849 14,828 8,021 9,225 8,667 
 
The author’s previous thesis suggested that the exposure to floor impact 
noise associated with annoyance, disturbance, and health complaints which are 
affected by several non-acoustic factors (Park, 2015b). However, the works in the 
previous thesis only involved self-reported data collected from the interviews and 
questionnaire surveys so there is a need for further validation through objective 
examinations such as noise measurements and physiological measurements. This 
work, therefore, aimed to investigate noise events exposed in real residences and 
the adverse effects of the noise on health and well-being. Moreover, unlike research 
on other environmental noises in which actual noise sources (e.g. aircraft or trains) 
can be used as stimuli in laboratory experiments, research on floor impact noise has 
used standard heavyweight impact noise sources such as bang machines, tapping 
machines, and impact balls instead of human-generated noises (e.g. JIS A 1418-2; 
KS F 2810-2; ISO 10140-3; ISO 16283-2). Of the standard sources, it has been 
suggested that the noise made by the impact ball is similar to that of humans such 
as children’s running and jumping (Jeon et al., 2006a; Jeon et al., 2009b). Therefore, 
the impact ball has frequently been used in research on sound transmission and 
insulation (e.g. Hopkins, 2015; Park et al., 2015; Robinson and Hopkins, 2015) and 
subjective evaluation to the noise (e.g. Jeon et al., 2009a; Lee et al., 2009). In 
particular, Jeon et al. (2009a) reported that self-reported annoyance rated to the 
impact ball noise stimuli increased as the sound pressure levels increased. Lee et al. 
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(2009) found annoyance rated to the impact ball noise stimuli showed strong 
correlations with sound quality (SQ) metrics such as loudness. However, the impact 
ball cannot be used to replicate all different kinds of noise made by humans even 
though the noise of an impact ball has been known to have similar characteristics 
to that of humans. Given that there is a lack of research that adopted real floor 
impact noise and measured responses to the real noises, this study aimed to fill the 
gap by investigating real floor impact noise through various research approaches. 
There is also a need for comparative investigations into human responses caused 
by both real and standard impact noises so that the previous studies in which the 
standard impact sources were used can be validated. 
1.2 Research questions 
This research focuses on human response to floor impact noise, which is 
one of many neighbour noises and which has been considered as one of the critical 
social issues in many countries. The whole research aimed to answer the following 
three research questions. 
 What kinds of indoor noise would be heard in real residences in heavyweight 
multi-family housing buildings? 
 How do people respond to floor impact noise psychologically and 
physiologically? 
 What factors have effects on the responses to floor impact noise? 
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1.3 Outline of the thesis 
This research work consists of six studies. The studies were conducted with 
various research methods to find answers to the research questions (Figure 1-1). As 
Rice (1996) noted the advantages and disadvantages of different research methods, 
laboratory studies were carried out to conduct repeated measures designs, to isolate 
and combine noises, and to control accurate physical parameter. However, this 
method can only be conducted in the simulated listening facility, examines relative 
projected annoyance responses, presents noises for short lengths, and the 
availability of participant groups are limited. The method of social surveys gives 
researchers opportunities to investigate the real-life situation, long-term noise 
exposure, and annoyance actually experienced by the participants with absolute 
judgments. However, this method cannot control the combined noise exposure and 
needs a lot of time and financial budget to conduct (Rice, 1996). Therefore, 
different research methods were used in this research in order to supplement the 
gaps from one another. The research objectives are expanded and explored 
progressively according to the following chapter structures. 
 
Figure 1-1. Outline of the six studies using different research methods. 
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Chapter 2: Literature review The literature review in Chapter 2 explores the 
background and existing literature related to the research topics of this study. The 
chapter starts with the brief introduction of environmental stress theories. 
Regarding noise as one of the environmental stressors, the chapter continues 
reviewing the existing studies on different responses to noise. It introduces 
noticeability and annoyance as the major responses to noise or acoustic stimuli. 
Diverse acoustic and non-acoustic factors are described to have impacts on the 
prevalence of annoyance. The chapter then reviews studies which examined 
emotions using lexicons since noise annoyance is closely related to various 
emotions. It then continues reviewing studies which measured physiological 
responses to noise or acoustic stimuli. 
 
Chapter 3: Characteristics of noise events caused by upstairs neighbours in 
multi-family housing: Field measurements This chapter illustrates a field study 
in which on-site noise measurements were carried out in real residences of multi-
family housing buildings for 24 hours. The study aimed to investigate actual indoor 
noise events. The occupants of the sites vacated their houses while the 
measurements were being conducted. The study measured the overall noise levels 
(LAeq and LAFmax) for 24 hours and the noise levels were compared between different 
time periods (day, evening, and night). It also identified the noise source of each 
noise event which exceeded the threshold noise levels (e.g. LAeq of 35 dBA for 
daytime). Moreover, it investigated noise level, noise length, and the number of 
occurrence of each noise source. Since the participated sites used different 
thicknesses of slabs, the study investigated if there was any effect of slab thickness 
on the noise level. The chapter suggests that there is a need for assessing subjective 
responses of the occupants living in the residences. 
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Chapter 4: Psychological and physiological responses to floor impact noise: 
A laboratory study This chapter presents a laboratory study which assessed 
psychological and physiological responses to floor impact noise stimuli. Self-
reported noticeability and annoyance were assessed as psychological responses. 
Three different physiological responses were measured while the stimuli were 
presented; they were heart rate, electrodermal activity, and respiration rate. The 
noise stimuli included different floor impact noises. For instance, human footsteps 
and a scraping noise of a chair were used as the real impact noise stimuli and the 
impact ball noise was used as the standard impact noise stimuli. The noise stimuli 
lasted for 23 seconds each. The stimuli were presented at different noise levels, 
ranging from 31.5 to 63 dBA (LAFmax). The study examined the impacts of the noise 
level and the type of noise source on the responses. This chapter proposes that 
there is a need for investigating the effects of longer noise stimuli and non-acoustic 
factors (e.g. noise sensitivity) on the responses. 
 
Chapter 5: Effects of noise sensitivity on psychological and physiological 
responses to floor impact noise: A laboratory study This chapter shows another 
laboratory study in which psychological and physiological responses to floor impact 
noise stimuli were evaluated. Self-reported annoyance was assessed as the 
psychological response and the three physiological responses (heart rate, 
electrodermal activity, and respiration rate) were monitored throughout the stimuli 
presentations. Length of the stimuli was designed to last for 5 minutes which was 
longer than the stimuli used in the previous experiment (Chapter 4) in order to 
investigate the influence of the duration of the noise exposure. The noise stimuli 
included floor impact noises generated by human footsteps and the impact ball. 
They were played at 40, 50, and 60 dBA (LAFmax). In addition, road traffic noise was 
also used as another noise stimulus. It was presented at 40 and 60 dBA (LAeq). The 
impacts of the noise level and the type of noise source on the responses were 
assessed. In addition, the participants were grouped into low and high noise-
sensitivity groups in order to assess the effect of noise sensitivity on the responses. 
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Based on the findings from the study, the chapter discusses that future research 
may evaluate emotions evoked by the noise in order to further understand the 
subjective responses to the noise. 
 
Chapter 6: Emotions evoked by floor impact noise: Survey and laboratory 
studies This chapter describes a study which involved questionnaire surveys and 
laboratory experiments. It aimed to explore different emotions evoked by floor 
impact noise. Human footstep noise was used as the noise stimulus in the surveys. 
First, lexicons expressing emotions evoked by the exposure to neighbours’ floor 
impact noise (e.g. footstep noise) were collected. Second, two online surveys were 
carried out in order to sample the lexicons and cluster them into groups. Based on 
the responses collected from the surveys, different emotion lexicons were classified 
into four clusters representing the major emotions evoked by the noise. Third, the 
laboratory study was conducted to test the four emotion clusters when the floor 
impact noise stimuli were played at different noise levels ranging from 30 to 
60 dBA (LAFmax). Self-reported annoyance was also measured in order to assess its 
relationship with the emotions. The study explored the effects of the noise level, 
self-reported noise sensitivity, and attitude towards neighbours (i.e. noise source) 
on the responses. Since the results showed less significant impacts of the attitude 
compared to those of noise sensitivity, the chapter proposes that there is a need for 
further examination into the attitude towards neighbours. 
 
Chapter 7: Psychological responses to indoor noise and its relationship with 
various factors: A field study This chapter illustrates a field study which examined 
the effects of various factors on residents’ psychological responses to floor impact 
noise. The study assessed the relationships between residents’ psychological 
responses to floor impact noise (self-reported annoyance and emotions), 
satisfaction with indoor noise, diverse personal factors (e.g. socio-demographic 
characteristics), characteristics of the house (e.g. slab thickness), characteristics of 
floor impact noise exposure (e.g. major noise source), and outdoor noise (e.g. 
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outdoor noise level or road traffic noise annoyance). In particular, outdoor noise 
levels were measured for 24 hours on top of buildings and the noise maps were 
computed in order to predict the outdoor noise levels exposed to each house in 
which each participant lived. Moreover, it investigated whether the psychological 
responses to floor impact noise had any potential adverse health effects by 
measuring the self-reported quality of life and blood pressure. The chapter suggests 
future research may carry out both the indoor noise measurements and subjective 
evaluation of the noise of the occupants. 
 
Chapter 8: Attitudes to neighbours and coping with their noise: A qualitative 
study This chapter shows a qualitative study which focused on exploring 
psychological mechanisms between residents’ attitudes towards their neighbours 
who were the major noise source and how they coped with the noise. In-depth 
interviews were conducted with residents in multi-family housing utilising the 
grounded theory methods. The study investigated what factors influenced 
individuals’ attitudes towards their neighbours to be formed. Of various factors 
which were found to have influences, the chapter particularly introduces certain 
factors which were dominantly observed in the interviews. The chapter also 
discussed how different attitudes may lead to different coping strategies. The 
chapter concludes by making suggestions that future research may investigate what 
factors have impacts on the individuals’ coping strategies. 
 
Chapter 9: Conclusion This chapter summarises the major findings and 
contributions of each part of this thesis. Adopting one of the diagrams of the stress 
model introduced in the literature review, the chapter recapitulates the findings 
from each chapter in the diagram. The chapter concludes by discussing the 
limitations of the scope and methods of the research, and corresponding potential 
works in the future. 
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Most of the studies in this research work involved human participants 
(Chapters 4 ~ 8). Approvals for the studies were obtained from the Ethical 
Committee of the School of the Arts, University of Liverpool. All data used in the 
research were collected in a manner consistent with ethical standards for the 
treatment of human participants. Chapters 3 ~ 6 have been partially published in 
peer-reviewed journals. Chapters 3 ~ 7 have been partially published in conference 
proceedings. In addition, Chapters 7 and 8 are currently under review in peer-
reviewed journals. Table 1-2 summarises in which setting each study was conducted 
and what variables were mainly examined.  
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Table 1-2. Details of each study in Chapters 3 ~ 8. 
Chapter Setting Measurements Noise source 
3 Field 
N = 32 sites 
▪ Noise source 
▪ Noise level 
▪ Noise length 
▪ Number of occurrence 
▪ Real neighbour noise 
4 Laboratory 
N = 21 
▪ Dependent variables: 
- Noticeability 
- Annoyance 
- Heart rate 
- Electrodermal activity 
- Respiration rate 
▪ Independent variables: 
- Noise level 
- Noise source 
▪ Real floor impact noise 
(e.g. human footsteps, a small 
object dropping, etc.) 
▪ Standard floor impact noise 
(impact ball) 
5 Laboratory 
N = 34 
▪ Dependent variables: 
- Annoyance 
- Heart rate 
- Electrodermal activity 
- Respiration rate 
▪ Independent variables: 
- Noise level 
- Noise source 
- Self-reported noise sensitivity 
▪ Real floor impact noise 
(human footsteps) 
▪ Standard floor impact noise 
(impact ball) 
▪ Road traffic noise 
6 Survey 
N = 133; 89 
Laboratory 
N = 41 
▪ Dependent variables: 
- Annoyance 
- Emotion 
▪ Independent variables: 
- Noise level 
- Self-reported noise sensitivity 
▪ Attitude towards neighbours 
▪ Real floor impact noise 
(human footsteps) 
7 Field 
N = 400 
▪ Dependent variables: 
- Perceptions of floor impact noise 
- Satisfaction with indoor noise 
environment 
- Health consequences (self-reported 
quality of life; blood pressure) 
▪ Independent variables: 
- Personal factors 
- House characteristics 
- Floor impact noise characteristics 
- Outdoor noise characteristics 
- Perceptions of the outdoor noise 
▪ Real floor impact noise 
▪ Outdoor noise 
8 Interview 
N = 57 
▪ Attitude towards neighbours 
▪ Coping strategy 
▪ Acoustic and non-acoustic conditions 
▪ Real neighbour noise 
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2 Literature review 
2.1 Introduction 
As part of the research on the effects of floor impact noise on people, the 
literature review gives general ideas of the current state of the relevant research 
fields. The existing models for understanding environmental stress are briefly 
reviewed in the following section (Subchapter 2.2). It first introduces the traditional 
model of stress theory. It then presents the environmental stress model which were 
developed based on the traditional model. Since noise is one of the environmental 
stressors, Subchapter 2.3 then reviews various responses to noise which have been 
observed in previous studies. This section particularly reviews the studies on 
noticeability, annoyance, emotion, and physiological responses to noise or acoustic 
stimuli. Furthermore, the section introduces several acoustic and non-acoustic 
factors which had significant impacts on the responses. 
2.2 Environmental stress 
Stress is the term which can be traced back to the time when Selye (1936) 
first discovered and proposed the idea of the general adaptation syndrome (Selye, 
1936, 1956). Stress as a process in which stressors threaten an organism’s existence 
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and well-being (Baum et al., 1982). Stress response is the body’s effort in order to 
maintain or restore homeostasis (Goldstein and Kopin, 2007). In the stress 
response, cognitive appraisal phases have been known to play significant roles since 
Lazarus (1966) proposed the idea (Figure 2-1). The idea of appraisals refers to the 
phases in which individuals appraise whether the stressor may lead to potential 
harm (primary appraisal) and what they can do to reduce the tension that the 
stressor may bring (secondary appraisal). To put it another way, the environment 
may be perceived as a stressor in the primary phase and the individual’s 
psychological and cognitive resources are appraised in the secondary phase (Lazarus, 
1966).  
 
Figure 2-1. The theoretical model of stress (Lazarus and Folkman, 1984). 
Bell et al. (1990) later suggested a theoretical model of environmental stress 
(Figure 2-2) based on the existing perspectives on stress. This model mainly focuses 
on describing whether each environment is perceived as stressor or not and whether 
each coping is successful or not. The model first illustrates that objective physical 
conditions associate with various factors. Bell et al. (1990) introduced variables such 
as population density, temperature, and noise level as the objective conditions. The 
objective conditions interact with individual differences such as length of exposure 
and personality. Situational, social, and cultural factors include liking/hostility for 
others in the situation, attraction of the environments, and housing design. The 
model describes that the perception of the environment is influenced by both 
objective and individual variables. The perception results in arousal, stress, or 
reactance when the environment is perceived as outside an optimal range of 
stimulation. Stress reaction includes not only emotional symptoms such as fear, 
Environmental
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appraisal
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anxiety, and anger but also behavioural and physiological components. Coping then 
follows after the arousal, stress, and reactance. Coping leads to different 
consequences depending on whether or not the coping is successful. The 
consequences are likely to again affect the individual differences and perception of 
the environment; Lazarus (1966) earlier called this phase as the reappraisal. 
 
Figure 2-2. The theoretical model of environmental stress (Bell et al., 1990). 
2.3 Noise as an environmental stressor 
As one of the environmental stressors, noise has adverse and threatening 
influences on human well-being (Bell et al., 1990; van Kamp, 1990; Berglund et al., 
1999; Bronzaft, 2002). As one of the environmental stressors, noise response can 
be explained based on the stress models of Lazarus and Bell et al. (Figures 2-1 and 
2-2). Figure 2-3 is constructed to present the noise and its relationship with other 
variables. When noise is noticed (i.e. noise perception), the noise exposure 
is subjectively judged in the phase of primary appraisal. Then the individual’s 
psychological and cognitive resources are evaluated in the phase of secondary 
appraisal (Lazarus, 1966; van Kamp, 1990; Lercher, 1996). Once the noise is 
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appraised as annoying, emotional reactions and physiological responses are evoked. 
This section reviews existing literature on a wide range of studies on environmental 
noise to understand the response to noise as an environmental stressor. 
 
Figure 2-3. A model illustrating noise as an environmental stressor. 
2.3.1 Noticeability and annoyance 
Fidell et al. (1979) earlier investigated the relationship between noticeability 
and annoyance in a laboratory study. They used 24 sound clips of which levels 
varied from 48.4 to 63.9 dBA. Sources of the stimuli included a transformer, a hair 
dryer, an air compressor, a vacuum cleaner, a garbage compactor, a train, 
a motorcycle, an automobile, etc. The stimuli were presented in three different 
background sounds which were played at 50 dBA. The background sounds 
included a falling spectrum resembling everyday ambient noise environments 
(PNC-40), a flat spectrum, and a rising spectrum. Their participants (N = 30) were 
asked to push a button to the more annoying stimulus when a pair was presented. 
The results showed that noticeability and annoyance had a positive correlation. The 
rising background noise decreased the correlation between noticeability and 
annoyance. In addition, individuals’ variances were suggested to have impacts on 
the annoyance rating. Schomer and Wagner (1996) later carried out on-site 
measurements in participants’ dwellings (N = 25). First, three test sites where 
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different noises were mainly exposed were chosen. Major noise sources included 
military jet aircraft, commercial jet aircraft, helicopters, small propeller aircraft, and 
trains. Then, residents in each site were recruited and they rated noticeability and 
annoyance using palm-top computers. Outdoor noise recordings were conducted 
from 07:00 to 22:00 and the noise recordings were later matched with the 
participants’ responses. Noticeability and sound exposure level had a positive 
correlation. The strongest and weakest correlations were found from helicopter and 
commercial jet aircraft noises, respectively. Besides, noticeability also had a positive 
correlation with annoyance. In a more recent study, Sneddon et al. (2003) carried 
out a laboratory study and tested detectability of the stimuli when the participants 
(N = 10) were reading some materials (e.g. newspapers or magazines). They used 
five noise stimuli including a passenger aircraft landing, a military aircraft fly-over, 
a truck drive-by, a mid-sized automobile drive-by, and a passenger train pass-by. 
The stimuli lasted between 20 and 30 seconds each and were presented at four 
different levels. The stimuli were played in three different background sounds: an 
urban sound (recognizable street and traffic), a sound containing voice (indistinct 
babble), and a sound of the rural area (distinct birdsong and running water). The 
participants were asked to click an icon on the screen using a mouse when they 
noticed a sound. Annoyance to each stimulus was asked at the end of the detected 
stimuli. The results showed that the percentage of missing the stimuli and 
detectability had a negative correlation. Annoyance had a positive correlation with 
detectability. The urban background noise affected the participants to wrongly 
respond the detectability the most among the three background sounds. 
Annoyance is one of the major non-auditory effects of noise. Unwanted 
intensity, frequency, intermittency, excessive loudness, or startle can make sounds 
to be perceived as noise and as annoying (Cohen and Weinstein, 1981). A number 
of studies have found various acoustic factors which have impacts on noise 
annoyance. Rylander et al. (1980) carried out social surveys in order to investigate 
the relationship between aircraft noise exposure and self-reported annoyance. The 
study was carried out in 38 areas around nine airports. The focused areas were 
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around one airport in Norway, two airports in Denmark, and six airports in Sweden. 
Survey responses were collected from a total of 3,746 residents in the areas. The 
results showed that the increased number of aircraft increased the extent of 
annoyance but only up to a certain number. In addition, the extent of “very annoyed” 
was low when the noise level did not exceed 70 dBA even if the number of 
overflights was large. Not only do the number of noise events and the noise level 
influence annoyance, but also different types of noise sources or frequency 
characteristics have impacts on annoyance. Versfeld and Vos (1997) later conducted 
a laboratory study in which the relationship between annoyance and noise exposure 
generated by the different type of vehicles. They recorded noises of a tracked main 
battle, a tracked armoured personnel carrier, a wheeled 4-ton truck, and a four-
wheel drive car from 50, 100, 200, and 400 m distances. They also carried out noise 
recordings of civil road traffic from 12.5, 25, 50, and 100 m from the centre of 
a two-lane road. The traffic consisted of two passenger cars, a delivery van, a bus, 
and a truck with a trailer. The participants (N = 20) rated annoyance to each 
stimulus. It was found that the noise level increased annoyance ratings. In particular, 
when LAE were below 55 dBA, the passenger cars were rated as more annoying than 
the heavier wheeled vehicles such as the bus or the truck with a trailer. It implied 
the difference between the high-frequency and the low-frequency parts of the 
spectrum had an impact on the response. Of the acoustic factors, Kurra et al. (1999) 
highlighted the significant impact of noise level on annoyance. They conducted 
a laboratory study in order to assess subjective annoyance rated to transportation 
noise stimuli. The participants (N = 64) were presented with three different 
sessions which lasted for 30 minutes each. Noise sources included road, railway, 
and aircraft traffic noises and the noise levels ranged from 30 to 55 dBA with 5 dB 
intervals. In particular, the aircraft and railway noises were comprised of 8, 12, and 
16 pass-bys, while the road traffic noise was continuous. The results showed that 
annoyance closely related to the noise level more than the source type. Additionally, 
they suggested that the indoor noise level of 45 dBA caused neutral annoyance 
response. 
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Studies on indoor noise have also suggested diverse acoustic factors 
affecting annoyance. Langdon et al. (1981) earlier carried out a survey study in order 
to assess how the sound insulation of walls in houses influenced the occupants’ 
responses to neighbour noise. The respondents (N = 917) reported nuisance 
response due to airborne noises. Neighbour noise sources included noises of 
television, shouting, banging doors, footsteps on stairs, plumbing, vacuum cleaner, 
etc. They also found that impact noise contributed to nuisance particularly when 
airborne sound insulation was comparatively good. More recently, annoyance 
evoked by the indoor impact noise has been studied. Jeon et al. (2004) emphasised 
the impact of noise level on the prevalence of annoyance. They conducted 
a laboratory study in order to determine the appropriate sound isolation treatment 
in reinforced concrete structures. The participants (N = 30) were presented with 
the noise stimuli generated by either the tapping machine or the bang machine. The 
results showed that self-reported loudness and annoyance decreased with the 
isolation of retaining walls along with the floating floors. Jeon et al. (2009a) later 
carried out another laboratory study in order to examine annoyance response 
caused by heavyweight floor impact noise. The participants (N = 20) were exposed 
to nine noise stimuli which were generated by the impact ball and lasted for 
7 seconds each. They reported that annoyance was affected by sound pressure 
levels and interaural cross-correlation. In order to cover a wider range of neighbour 
noise including impact and airborne noises, Jeon et al. (2010b) investigated 
annoyance and dissatisfaction evoked by various neighbour noises. They first 
carried out social surveys with residents living in multi-family housing buildings in 
South Korea (N = 512). The noises of children’s jumping and running were the 
most annoyance-evoking floor impact noise sources. Musical instrument and 
people talking were found to be the most annoying airborne noise sources. They 
then conducted a laboratory study using the noise sources which were rated as 
annoying in the prior survey study. The participants (N = 109) were exposed to the 
noise stimuli of a child jumping, a bathtub draining, a flushing toilet exposed from 
upstairs, conversation and piano sounds from next door, and road traffic noise 
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coming from outside. It was reported that the noise level increased annoyance 
ratings. Given that the noise level has been known to have significant impacts on 
noise annoyance, Ryu et al. (2011) examined various single-number quantities to 
predict annoyance responses to heavyweight floor impact noise in wooden houses. 
They carried out laboratory experiments in which annoyance responses were 
measured. The noise stimuli were generated by a bang machine and the impact ball 
recorded in 12 wooden houses with different floors. In the first experiment, the 
participants (N = 17) were presented with the stimuli at five different noise levels 
ranging from 45 to 65 dBA with 5 dB intervals. In the second experiment, the 
participants (N = 31) were exposed to the noise stimuli at 55 and 65 dBA with 
different insulations either in the higher or lower frequency ranges. The results 
showed that the arithmetic average (LiFavg,Fmax) of octave-band sound pressure levels 
and Zwicker’s percentile loudness (N5) predicted the annoyance well over the wide 
range of noise levels. 
It has long been known that individuals’ subjective responses to noise are 
so diverse and they cannot be fully explained only by acoustic factors (Job, 1988). 
Fields (1993) evaluated various non-acoustic variables suggested in existing 
literature (136 survey studies) and concluded that noise annoyance is not affected 
by the noise level, amount of time spent at home, type of interviewing method, or 
demographic characteristics such as age, sex, social status, income, education, home 
ownership, type of dwelling, and length of residence. He reported that the following 
five variables have great impacts on annoyance: fear of danger from the noise 
source, noise prevention belief, general noise sensitivity, belief about the 
importance of the noise source, and annoyance with the non-noise impact of the 
noise source. Miedema and Vos (1999) reviewed several studies on annoyance and 
examined impacts of the following variables on annoyance: sex, age, education level, 
occupational status, size of household, homeownership, dependency on the noise 
source, and use of the noise source, noise sensitivity, and fear of the noise source. 
They found that fear of the noise source and noise sensitivity had great impacts on 
annoyance. Of the demographic variables, age had a small impact on annoyance. 
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Laboratory studies have been carried out in order to explore various 
non-acoustic factors affecting subjective responses to noise. Öhrström et al. (1980) 
earlier conducted a laboratory study to investigate annoyance rated to 13 different 
acoustic stimuli. The participants (N = 40) were presented with various sounds 
which covered not only neighbour noise but also transportation and machinery 
noises. Their stimuli included sounds of rifle shots, military aircraft, dripping water 
tap, pop music from neighbours, ambulance, motorcycle, lorry, passenger aircraft, 
train, dog, moped, tram, car, etc. The stimuli were played with peak noise levels of 
70 and 80 dBA when the background noise level was 36 dBA. Annoyance increase 
as the noise level increased. In addition, of the transportation noise stimuli, the lorry 
noise was less annoying than other sources at the same noise level. The irregularity 
of the noise exposure was also reported to influence the response. Moreover, the 
authors highlighted that the annoyance reaction needed to be predicted not only by 
acoustic factors but non-acoustic factors such as individual experiences of the noise. 
Maris et al. (2007) conducted a laboratory experiment in which participants 
(N = 117) were exposed to eleven aircraft pass-bys at 50 and 70 dBA (Leq,15-minute) 
which were 68 and 88 dBA (Lmax), respectively. The participants were given 
a reading task while the stimuli were being played. The participants were also given 
an option either that they can manage the noise (e.g. participants could voice their 
preference for a certain sound sample) or that they cannot do so. The results 
showed that annoyance associated with the noise level and the option of noise 
management led to the decrease in annoyance when the noise level was disturbing 
(70 dBA). Ryu and Jeon (2011) carried out both survey and laboratory studies with 
a total of 512 participants in order to examine the influence of noise sensitivity on 
the annoyance caused by indoor residential noises and outdoor traffic noise. Noise 
sensitivity was a significant determinant of annoyance caused by indoor and 
outdoor noises. They also found that annoyance evoked by indoor noise was 
affected more by noise sensitivity than that of outdoor noise. 
Social surveys and interviews have been widely utilised to investigate non-
acoustic factors in the research fields of environmental noise. In particular, 
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non-acoustic factors of wind turbine noise have been commonly studied using the 
methods. Pedersen and Persson Waye (2004) conducted a social survey study to 
evaluate the prevalence of annoyance due to wind turbine noise. They collected the 
survey responses from residents in southern Sweden where more than 40 wind 
turbines were located (N = 351). It was found that the noise level increased 
annoyance. In comparison to transportation noises, wind turbine noise annoyance 
increased more quickly with the increasing noise level. The authors discussed that 
the visibility of wind turbines might influence annoyance responses. The 
respondents’ attitude towards the visual impact of wind turbines on the landscape 
scenery affected the annoyance. Pedersen and Persson Waye (2007) later reported 
about another social survey study with residents in seven different areas in Sweden 
where wind turbines are located with a power of more than 500 kW (N = 754). 
They found that the noise level had positive correlations with noticeability and 
annoyance. Moreover, residents living in rural environments (e.g. low background 
noise level), particularly areas with hills and rocky features, were more annoyed by 
the wind turbine noise than those in the suburban area. Pedersen et al. (2009) 
presented consistent results in a later study conducted in the Netherlands. 
Responses were collected from residents living within 2.5 km of a wind turbine 
(N = 725). The results showed that the noise level increased annoyance and the 
effect was greater than transportation noise or industrial noise at comparable levels. 
The authors highlighted some factors that wind turbine noise exposure has: specific 
sound properties such as a “swishing” quality, temporal variability, lack of night-
time abatement, visibility from the dwelling, and perceived attitude towards the 
visual impact of wind turbines on the landscape. Some non-acoustic factors such 
as visibility or attitude towards the visual impact of wind turbines on the landscape 
were discussed to interfere with the relationship between annoyance and noise level.  
Studies on transportation noise have also used social surveys and interviews 
in order to explore non-acoustic factors. Leonard (1973) earlier found airport noise 
exposure evoked annoyance. He carried out 1,465 face-to-face interviews (1,103 of 
them participated in the telephone follow-up interviews). He measured annoyance 
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with 11 question items including those asking disturbance with activities 
(e.g. “interferes with listening to radio or TV”), any impacts on moods (e.g. “makes 
you feel tense and edgy”), or any experienced influence on physical objects 
(e.g. “makes the TV picture flicker”). From the data collected by face-to-face 
interviews and telephone interviews with residents living close to one of the airports 
in the US, it was reported that the exposure to aircraft noise evoked residents to 
experience annoyance. He also asked the respondents about some intervening 
variables (e.g. fear of aircraft operation) in order to examine the variables’ effects 
on the relationship between noise exposure and annoyance. He addressed that fear 
of aircraft operations and concern with the harmful effects of aircraft noise were 
the major intervening variables affecting the annoyance response. Increases in noise 
exposure and misfeasance beliefs were also likely to increase annoyance but he 
suggested that it would be highly likely only when the fear and health concerns were 
increased together, emphasising the significance of the two intervening variables on 
aircraft noise annoyance. Bluhm et al. (2004) conducted social surveys to study road 
traffic noise effects. Residents living close to main roads and highways (N = 657) 
responded to the questionnaire. The respondents were grouped into those living in 
areas where road traffic levels (Leq,24-hour) were lower than 45 dBA, between 46 and 
50 dBA, between 50 and 55 dBA, and higher than 55 dBA. It was found that 
annoyance increased as the road traffic noise level increased. The orientation of the 
bedroom window and satisfaction with residence had impacts on the prevalence of 
the road traffic noise annoyance. They also examined the impacts of gender, age, 
length of residence (i.e. the longer residency may cause habituation), and type of 
housing (e.g. single-family vs. multi-family housing), but there was no significant 
impact of those factors. Abo-Qudais and Abu-Qdais (2005) collected 492 survey 
responses to study road traffic noise annoyance. They revealed that the noise 
exposure associated with annoyance and disturbance in daily routine activities. In 
addition, income and education level associated with annoyance and awareness 
about the health impact of the noise. Annoyance had links with marital status and 
gender. Kroesen et al. (2008) conducted questionnaire surveys with residents living 
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around an airport (N = 646) and tested the relationships between several variables 
explaining the experience of exposure to aircraft noise. They tested length of 
residency, age of the respondent, noise sensitivity, perceived disturbance, noise 
annoyance, perceived control or coping capacity, negative attitudes towards the 
noise source authorities and noise policy, belief of that noise can be prevented, 
positive social evaluation of the noise source, negative expectations related to noise 
development, personal dependency on noise source, concern about negative health 
effects of noise and pollution, annoyance by non-noise effects such as vibrations, 
dust, and odour, fear related to noise source, and concern about property 
devaluation. They found that most of the attitudinal variables directly or indirectly 
influenced one’s perceived control and coping capacity which directly associated 
with noise annoyance. Dratva et al. (2010) studied the survey responses from 
5,021 participants and reported female participants reported higher road traffic 
noise annoyance and annoyance associated with health-related quality of life. 
Schreckenberg et al. (2010) reported the data collected from 190 residents living 
within 40 km from Frankfurt Airport. They investigated annoyance caused by 
aircraft and road traffic noises. Not only the annoyance response, but they also 
examined perceived mental and physical health, perceived environmental quality, 
and noise sensitivity. Their results showed that noise sensitivity associated with total 
noise annoyance, aircraft noise annoyance, as well as physical health. Pierrette et al. 
(2012) investigated annoyance perceived by combined (road traffic and industrial) 
outdoor environmental noise by conducting face-to-face interviews with residents 
(N = 99). They generated noise maps based on the 24-hour noise measurements in 
the study areas. It was found that residents’ annoyance rated to the combined noise 
increased as the noise level increased. They reported that age, gender, and length of 
residence did not associate with annoyance but fear of industrial sites and noise 
sensitivity had impacts on the annoyance. Okokon et al. (2015) carried out a survey 
study in order to evaluate the road traffic noise annoyance response. The 
respondents (N = 1,112) answered questions regarding health-risk perceptions, 
self-reported annoyance, and noise sensitivity. The results showed that annoyance 
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associated with knowledge of health risks from the noise and noise sensitivity. 
Knowledge of health risks and positive environmental attitudes associated with 
higher noise sensitivity. Table 2-1 summarises some of the existing studies which 
have found acoustic or non-acoustic factors affecting subjective responses to the 
noise. The list is sorted in ascending order of the publication year. 
Table 2-1. Studies on impacts of acoustic factors on noticeability and annoyance. 
Study Method Noise source Findings 
Leonard (1973), 
USA 
Interview 
N = 1,465 
Aircraft noise ▪ Annoyance associated with noise exposure. 
▪ Intervening variables (e.g. fear of aircraft 
operation and concern for harmful effects 
on health) affected the relationship between 
noise exposure and annoyance. 
Fidell et al. 
(1979), USA 
Laboratory 
N = 30 
Various sound 
clips with 
different 
background 
sounds 
▪ Positive correlations between noticeability 
and annoyance. 
▪ Rising background noise decreased the 
correlation between noticeability and 
annoyance. 
Öhrström et al. 
(1980), Sweden 
Laboratory 
N = 40 
Various noises ▪ Annoyance correlated with the noise level 
(Leq). 
▪ Type of noise source affected noise 
annoyance: Lorry noise was the least 
annoying. 
▪ The irregularity of the noise affected the 
responses. 
Öhrström et al. 
(1988), Sweden 
Laboratory 
N = 93 
Road traffic 
noise and 
impulse noises 
(a pure 1000 Hz 
tone, white 
noise, and a 
rattling noise) 
 
▪ Annoyance highly correlated with self-
report noise sensitivity and with the attitude 
to noise. 
▪ Annoyance had a relationship with 
neuroticism. 
Poulsen (1991), 
Denmark 
Laboratory 
N = 72 
Road traffic 
noise and 
synthetic 
gunfire noise 
▪ Session length did not affect annoyance. 
Belojević et al. 
(1992), Sweden 
Laboratory 
N = 45 
Road traffic 
noise 
▪ Noise sensitivity increased noise annoyance. 
Stansfeld et al. 
(1993), UK 
Survey 
N = 2,398 
Road traffic 
noise 
▪ Noise-sensitive participants were more 
likely to be highly annoyed by noise 
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Study Method Noise source Findings 
exposure than less noise-sensitive 
participants. 
▪ There was no direct impact of noise 
exposure level but there were provocative 
interactions with noise sensitivity. 
Schomer and 
Wagner (1996), 
USA 
Field 
N = 25 
Aircraft noise 
and railway 
noise 
▪ Noticeability and sound exposure level had 
positive correlations. 
▪ Type of noise source (e.g. helicopter or 
commercial jet aircraft) affected the 
response. 
▪ Noticeability and annoyance had positive 
correlations. 
Versfeld and Vos 
(1997), 
Netherlands 
Laboratory 
N = 20 
Road traffic 
noise 
▪ Type of noise source (e.g. heavy vehicle) 
affected annoyance. 
▪ Frequency of the spectrum was assumed to 
have impacts on the responses. 
Kurra et al. 
(1999), Japan 
Laboratory 
N = 64 
Aircraft, 
railway, and 
road traffic 
noises 
▪ Noise level had an impact on annoyance. 
Staples et al. 
(1999), USA 
Survey 
N = 358 
Aircraft noise ▪ Assessment of environmental noise risk 
predicted disturbance from the noise. 
▪ Disturbance did not associate with general 
annoyance or noise sensitivity. 
Haines et al. 
(2003), UK 
Interview 
N = 36; 18 
Aircraft and 
road traffic 
noises 
▪ Children’s everyday activities were affected 
by aircraft noise. 
▪ Amount of control over the noise source 
influenced the range of coping strategies. 
▪ Children’s emotional response to noise was 
consistent with adults’ reactions. 
Sneddon et al. 
(2003), USA 
Laboratory 
N = 10 
Various sound 
clips with 
different 
background 
sounds 
▪ Detectability and annoyance had positive 
correlations.  
▪ Background sounds affected the responses. 
Bluhm et al. 
(2004), Sweden 
 
Survey 
N = 657 
Road traffic 
noise 
▪ More annoyance and sleep disturbance were 
reported when Leq,24-hour was higher than 
50 dBA. 
▪ Habituation was found in sleep problems 
but not in annoyance. 
▪ Higher annoyance and sleep problems were 
found when bedroom windows were facing 
streets. 
▪ Satisfaction with residence had an impact 
on the frequency of annoyance responses. 
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Study Method Noise source Findings 
▪ Residents in apartments had more sleep 
problems compared to residents in 
detached or semi-detached houses. 
Miedema and 
Vos (2004), 
Netherlands 
Field 
N = 1,875 
Noises of 
stationary 
sources 
(shunting yards, 
a seasonal 
industry, and 
other industries) 
▪ With the same noise level (yearly DENL), 
the seasonal industry caused less annoyance 
than the other industries, while the other 
industries caused less annoyance than the 
shunting yards. 
▪ Age and noise sensitivity had impacts on 
the response. 
Abo-Qudais and 
Abu-Qdais 
(2005), Jordan 
 
Survey 
N = 492 
Road traffic 
noise 
▪ Annoyance and disturbance in daily routine 
activities associated with the noise. 
▪ Income and education level associated with 
annoyance and awareness about the health 
impact of the noise. 
▪ Marital status and gender associated with 
annoyance. 
Jeon et al. 
(2006a), Korea 
 
Laboratory 
N = 98 
Impact noises 
(the impact ball, 
the tapping 
machine, the 
bang machine, 
and an adult 
jumping) 
▪ Annoyance increased as the noise level 
increased. 
Maris et al. 
(2007), 
Netherlands 
Laboratory 
N = 117 
Aircraft noise ▪ Annoyance associated with the noise level. 
Öhrström et al. 
(2007), Sweden 
Survey 
N = 1,953 
Railway and 
road traffic 
noises 
▪ Higher total annoyance was found in areas 
exposed to both railway and road traffic 
noises than in areas with one dominant 
noise source when the noise level was the 
same. 
Pedersen and 
Persson Waye 
(2007), Sweden 
Survey 
N = 754 
Wind turbine 
noise 
▪ Annoyance associated with the noise level. 
▪ Rural residents perceived higher annoyance 
than those in the suburban area. 
Kroesen et al. 
(2008), 
Netherlands 
Survey 
N = 646 
Aircraft noise ▪ Annoyance had significant relationships 
with noise sensitivity, attitudinal factors, and 
perceived control. 
Jakovljević et al. 
(2009), Serbia 
Survey 
N = 3,097 
Road traffic 
noise 
▪ Noise annoyance showed strong 
correlations with noise levels, personal 
characteristics, and some housing 
conditions. 
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Study Method Noise source Findings 
Jeon et al. 
(2009a), Korea 
Laboratory 
N = 20 
Impact ball 
noise 
▪ Annoyance increased as the noise level 
increased and as the interaural cross-
correlation decreased. 
Pedersen et al. 
(2009), 
Netherlands 
Field 
N = 725 
Wind turbine 
noise 
▪ Annoyance increased as the noise level 
increased. 
▪ Wind turbines’ characteristics (“swishing” 
quality, temporal variability, and lack of 
night-time abatement) made the noise 
perceived to be more annoying than 
transportation noise and industrial noise. 
▪ Visibility increased annoyance. 
▪ Annoyance strongly correlated with a 
negative attitude towards the visual impact 
of wind turbines on the landscape. 
Dratva et al. 
(2010), 
Switzerland 
Survey 
N = 5,021 
Road traffic 
noise 
▪ Female participants reported higher noise 
annoyance. 
▪ Annoyance associated with health-related 
quality of life. 
Jeon et al. 
(2010a), Korea 
and UK 
Laboratory 
N = 20 
Road traffic and 
construction 
noises 
▪ Higher annoyance was found when 
combined noises were presented than 
individual noises. 
▪ Annoyance associated with the type of 
construction noise in combination with 
road traffic noise and the level of the road 
traffic noise. 
Jeon et al. 
(2010b), Korea 
Survey and 
laboratory 
N = 512 
Neighbour 
noise (floor 
impact, 
airborne, 
drainage) and 
road traffic 
noise 
▪ Dissatisfaction and annoyance correlated 
with the noises. 
▪ Floor impact noise had stronger 
correlations with dissatisfaction and 
annoyance than other noise sources. 
Schreckenberg et 
al. (2010), 
Germany 
 
Interview 
N = 190 
Aircraft and 
road traffic 
noises 
▪ Noise sensitivity influenced total noise 
annoyance and aircraft noise annoyance. 
Shepherd et al. 
(2010), New 
Zealand 
Survey 
N = 105 
Aircraft noise ▪ Noise sensitivity associated with health-
related quality of life. 
▪ Annoyance and sleep disturbance mediated 
the effects of noise sensitivity on health. 
Ryu and Jeon 
(2011), Korea 
 
Survey and 
laboratory 
N = 512 
Neighbour 
noise (floor 
impact, 
airborne, and 
drainage) and 
▪ Noise sensitivity correlated with annoyance. 
▪ Stronger correlations between sensitivity 
and annoyance to indoor neighbour noise 
than outdoor traffic noise. 
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Study Method Noise source Findings 
road traffic 
noise 
Pierrette et al. 
(2012), France 
Interview 
N = 99 
Road traffic and 
industrial 
combined 
▪ Combined (road traffic and industrial) noise 
annoyance associated with noise levels. 
▪ Fear of industrial sites and noise sensitivity 
associated with the annoyance. 
▪ Age, sex, and length of residence did not 
associate with annoyance. 
Lee and Jeon 
(2013), Korea 
Laboratory 
N = 20 
Road traffic, 
construction, 
and ventilation 
noises 
▪ Loudness and roughness accounted for the 
annoyance of the combined noise. 
Okokon et al. 
(2015), Finland 
Survey 
N = 1,112 
Road traffic 
noise 
▪ Annoyance associated with knowledge of 
health risks from the noise and noise 
sensitivity. 
▪ Knowledge of health risks and positive 
environmental attitudes associated with 
higher noise sensitivity. 
 
2.3.2 Emotional expression 
As Cohen and Weinstein (1981) noted, annoyance can be seen as a mild 
form of anger. Anger provokes when there is perceived harm which was judged as 
avoidable and undeserved. In other words, noise annoyance is a mild form of anger 
evoked by the noisy situation which may include threats to health or block 
behavioural goals (e.g. sleeping). Further, the responses could be evoked simply by 
being exposed to an aversive stimulus. Guski (1999) defined annoyance as 
a negative evaluation of environmental condition which associates with a number 
of negative psychological perceptions as follows: disturbance, aggravation, 
dissatisfaction, concern, bother, displeasure, harassment, irritation, nuisance, 
vexation, exasperation, discomfort, uneasiness, distress, and hate. Given that 
annoyance response is very closely linked to emotional responses, emotions cannot 
be overlooked when it comes to research on psychological effects of noise. Västfjäll 
(2002) carried out a laboratory study with university students (N = 44) to examine 
the relationship between the current mood and annoyance judgement. He measured 
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the participants’ self-reported noise sensitivity and annoyance, asked the 
participants to recall a memory from their own life when they experienced 
annoyance. He reported that the participants whose current mood involved 
annoyance rated noise annoyance higher than those who reported their mood as 
neutral.  
Emotion has been defined as a response to a stimulus as well as a quality of 
excitement that accompanies instinctive reactions (Bentley, 1928). In order to 
understand the specific emotions provoked by stimuli, different types of stimuli 
have been used in laboratory experiments. Among them, the most commonly used 
stimuli are visual images, such as photographs and video clips. For example, 
Greenwald et al. (1989) measured emotions and physiological responses after the 
presentation of photographic images evoking different emotions (e.g. happy baby 
or angry face). Acoustic stimuli have also been used to investigate emotions, with 
variations in sound source and acoustic characteristics. In particular, a majority of 
acoustic stimuli include outdoor noises such as environmental noise. Namba et al. 
(1991) developed adjective lexicons in five different languages in order to describe 
subjective impressions to acoustic stimuli, including road traffic and construction 
noises. Using cluster analyses, they found that the road traffic and construction 
noises were grouped together and that the lexicon ‘unpleasing’ was closely tied to 
‘annoying’ and ‘noisy’ in most languages. Grimwood (1993) carried out a group 
discussion with participants who were exposed to different noises consisting of 
environment and neighbour noises. It was reported that three levels of emotional 
reactions are caused by noises heard at home. The following figure (Figure 2-4) 
illustrates the three levels of noise exposure and the process of residents’ reactions 
to the noise proposed by Grimwood (1993). Responses related to neighbour noise 
exposure has been particularly linked with emotional responses. Stansfeld et al. 
(2000) pointed out that noise from neighbours is a major source of annoyance and 
emotional responses in an urban environment but it was addressed that its impact 
has not been studied adequately. Stokoe and Hepburn (2005) analysed discourses 
of dispute mediation interviews, and the interview extracts clearly showed how 
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residents react to and perceive their neighbours and their noise. Specifically, the 
interviewees who had disputes with their neighbours described their neighbours as 
unreasonable, irrational, unaccountable, and distressing. Particularly in the case of 
neighbour noise, residents may perceive intense negative emotion towards the noise 
source (i.e. neighbours) as shown in the third level of noise exposure in Figure 2-4. 
The emotions may result in retaliatory behaviours such as murders (Park, 2015a). 
 
Figure 2-4. The process of noise reaction explained with three levels of noise 
exposure (Grimwood, 1993). 
There are diverse ways to examine emotions since emotion is expressed in 
various forms (Morgan et al., 1979). One of the ways to assess emotions is to use 
language, verbal expressions, and lexicons. Russell (1980) plotted emotion lexicons 
on a circular model comprising two dimensions (i.e. pleasantness and arousal) and 
showed the inter-relationships between the emotions. Since Russell (1980) 
proposed the model, a few studies have also attempted to group emotions on the 
dimensional model based on their psychological conditions. Fehr and Russell (1984) 
conducted a series of study to group emotion lexicons under a certain number of 
prototypes and to validate the grouping procedure. Likewise, Ortony et al. (1987) 
collected a number of lexicons from the literature on emotions and categorised 
Level 1:
Noise begins or 
is relatively quiet
Curiosity (or) Irritation
Level 2:
Noise continues 
or becomes 
louder
Annoyance, anger, 
bitterness, feeling 
aggrieved
Tension, pressure, 
frustration, 
resignation, feeling 
fraught and anxious
Level 3:
Noise gets 
worse still Hatred, hostility, 
desire for revenge, 
bloodshed
Depression, tiredness, 
taking it out on 
others, feeling upset 
and frightened
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them into eight groups, including physical, affective, and cognitive states. These 
eight categories were then tested in Clore et al. (1987) by asking people to rate the 
emotion lexicons. The most discriminable categories were affective, cognitive, 
external, and bodily conditions. Instead of using the dimensional model, Shaver et 
al. (1987) examined the hierarchical structure of emotion concepts and specified 
prototypes of the emotion categories. They collected 213 emotion lexicons and 
categorised them into the six groups of love, joy, surprise, anger, sadness, and fear 
based on subjective ratings.  
2.3.3 Physiological response 
Emotion can also be measured using physiological reactions because 
physiological parameters are responsive to various emotional states including threat, 
frustration, anger, startle, and (un)pleasantness. In order to investigate affective 
responses through physiological measures, various stimuli including acoustic 
modalities have been used in experimental settings to (Bradley and Lang, 2007). 
The physiological measurements are useful for identifying emotions of which the 
perceiver is unaware (Öhman and Soares, 1994) and the emotion assessment using 
lexicons is beneficial to supplement the physiological measurement because 
physiological reactions can be partially influenced by psychological or physical 
activities (Cacioppo et al., 2000; Matsumoto et al., 2008). 
Bradley and Lang (2000) conducted laboratory experiments to examine the 
relationship between emotion and physiological reactions. The participants 
(N = 183 in total) rated pleasantness and arousal elicited by each of 60 acoustic 
stimuli and their physiological responses were measured. It was reported that the 
acoustic stimuli rated as unpleasant resulted in greater startle reflexes, more 
corrugator supercilii muscle activities, and larger heart rate deceleration than the 
acoustic stimuli which were rated as pleasant. Electrodermal activities were larger 
for emotionally arousing than for neutral stimuli. Gomez and Danuser (2004) 
conducted a laboratory study in order to assess the relationships between emotion 
judgments and physiological responses to acoustic stimuli. They used 
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16 environmental noises and 16 musical fragments for 30 seconds to the 
participants (N = 31). The low-arousal evoking noise stimuli accelerated breathing 
when pleasantness was judged as low. Skin conductance level only increased with 
arousal ratings of music, while the mean heart rate only increased with arousal 
ratings of noise. Hume et al. (2008) carried out a laboratory study with 51 
participants. The participants’ physiological responses were measured while they 
were exposed to various sound clips including different sounds of natural, human, 
and transportation. The results showed heart rate decreased and respiratory rate 
increased when the stimuli were presented. They found some gender differences in 
the responses. Tajadura-Jiménez et al. (2010) investigated the moderating effect of 
perceived auditory space on the emotional response to sounds. The participants 
(N = 20) were exposed to acoustic spaces of different sizes and room acoustic 
properties along with diverse sound source positions. They used natural and 
artificial sounds as stimuli which were divided into negative and neutral emotional 
categories. They found small rooms were perceived as more pleasant, calmer, and 
safer than big rooms. The sounds heard behind the listeners tended to be more 
arousing, and elicited larger physiological changes than sources in front of the 
listeners. The response was more pronounced when the natural acoustic stimuli 
were played. Electrodermal activity closely correlated with the subjective responses. 
Hume and Ahtamad (2013) examined the association between the subjective 
evaluations of different sounds and physiological responses to the sounds. The 
participants (N = 80) were exposed to various sound clips including kids playing, 
clapping, evening birdsong, and some traffic sounds) for eight seconds. In general, 
it was found that heart rate decreased and respiration rate increased when the 
stimuli were presented. In particular, unpleasant acoustic stimuli caused larger falls 
in heart rate, while more pleasant sound stimuli resulted in bigger rises in respiratory 
rate. They also reported that the changes were greater in male participants’ 
responses. 
Not only do physiological measurements associate with emotional responses, 
but they also provide understanding into potential health effects of noise exposure. 
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There have been a number of laboratory studies which examined diverse 
physiological responses evoked by noises. Andrén et al. (1980) conducted 
a laboratory study with 18 participants in order to evaluate physiological responses 
to industrial noise. The noise stimuli were played at 95 dBA for 20 minutes and the 
responses were compared with the resting period at 40 dBA. The results showed 
that diastolic blood pressure increased as the noise level increased. Heart rate and 
systolic blood pressure did not significantly change as the noise level increased. In 
addition, all responses recovered to their initial levels 10 minutes after 
discontinuation of noise stimulation. Björk (1986) measured physiological reactions 
to various acoustic stimuli. In the first experiment, six stimuli were presented to the 
participants (N = 30). The stimuli included sounds of a man reading, a baby crying, 
people laughing, bubbling of the sea, cries of black-headed gulls, and song of birds. 
In the second experiment, the participants (N = 28) were exposed to eight stimuli 
including white noise, the scream of a rat, a call of a lapwing, bubbling of the sea, 
the vowel of a man, roar of a puma, a baby crying, and a tone of 2,000 Hz. It was 
observed that electrodermal activity increased when the noise level exceeded 
70 dBA. Carter and Beh (1989) investigated cardiovascular functioning when 
intermittent noise was presented. The participants (N = 60) were exposed to noise 
burst (1/3 octave band noise centred at 4,000 Hz) at 92 dBA in three different 
conditions. In the first condition, the noise burst lasted for 4.5 seconds every 
60 seconds. In the second condition, the noise burst lasted for 4.5 seconds with 
varying intervals from 20 to 100 seconds. In the third condition, the noise burst 
lasted differently ranging from 0.5 to 8.5 seconds with varying intervals from 20 to 
100 seconds. The results showed that the intermittent noise exposure significantly 
increased diastolic and mean blood pressure. Heart rate increased but more 
significantly in those who received the unpredictable noise bursts. Holand et al. 
(1999) examined the effects of an auditory startle stimulus on physiological 
responses. The participants (N = 25) were presented with two startling stimuli at 
110 dBA which lasted for 0.15 seconds with a 5-minute interval. They discovered 
that noise exposure increased blood pressure and heart rate. The responses 
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followed immediately after the blink and were observed in the early exposure 
between 0 and 10 seconds. Griefahn et al. (2008) studied the effects of aircraft, 
railway, and road traffic noises on physiological responses. The data were collected 
from 24 participants and they found that heart rate increased as the noise level 
increased. They also reported the changes in heart rate as time went by. It was 
reported that heart rate reached to maximum after 4 to 11 seconds and dropped to 
the minimum below the baseline after 12 to 23 seconds. They also reported that 
heart rate again increased towards the baseline. Since the cardiac responses did not 
show any habituation to traffic noise during the night, they suggested that traffic 
noise would be likely to cause cardiovascular disease. Alvarsson et al. (2010) 
measured skin conductance levels of the participants (N = 40) when natural and 
road traffic noises were played. Skin conductance levels recovered faster when the 
natural sound was presented than during the exposure of road traffic noise. 
Another way of examining physiological responses to noise has been to 
monitoring sleep disturbance caused by noise exposure. Vallet et al. (1983) studied 
the adverse health effects of road traffic noise. They performed a field study at 
participants’ homes (N = 26). Long-term sleep disturbance was observed in the 
study. The participants under 45 years old showed stage 3 and 4 deficits whilst those 
over 45 years old showed REM sleep deficits. When it comes to the noise level, 
long-term average and peak levels were reported to be important in assessing sleep 
disturbance. Moreover, heart rate and heart rate variability increased during the 
noise but it was not significant. Eberhardt et al. (1987) carried out laboratory 
experiments with a total of 10 participants. The participants slept a total of six 
nights in the laboratory where road traffic noise was being played. They observed 
that the intermittent noise of 45 dBA caused transitions towards lighter sleep and 
that of 55 dBA had awakening effects. It was discussed that the responses were 
caused by arousal reactions of the noise peaks from the background rather than the 
absolute noise peak level. The continuous noise of 45 dBA caused the REM sleep 
deficits, while intermittent traffic noise of 45 dBA caused stage 3 and 4 deficits. In 
addition, low subjective sleep quality and adverse mood changes were reported after 
Chapter 2 
36 
 
nights with REM sleep deficits. Öhrström (1995) carried out a laboratory study in 
which 12 participants slept eight nights in the laboratory. The participants were 
exposed to 16, 32, 64 and 128 noise events, respectively during four of the nights. 
The maximum noise level was 45 dBA. They reported that subjective sleep quality 
significantly decreased when 32 noise events were played per night. More than half 
of the participants reported they experienced difficulties in falling asleep when 
64 noise events were presented. The noise exposure had significant impacts on 
body movements and the number of awakenings. There was a significant increase 
in tiredness during the day after nights with noise exposure no matter how many 
noise events were presented. Smith et al. (2013) carried out a laboratory study with 
12 participants in order to evaluate the impact of railway noise on sleep disturbance. 
The participants slept in the laboratory for six nights. It was found that sleep quality 
and heart rate associated with low-frequency noise of trains. They discovered the 
changes in heart rate; it increased at the beginning followed by a deceleration 
to below the baseline. 
Furthermore, the adverse health effects of noise have also been studied by 
directly measuring participants’ subjective health complaints or their physiological 
parameters. Knipschild (1977) earlier carried out a social survey in order to 
investigate the health effects of aircraft noise. He collected 3,595 responses from 
residents in the less noisy area and 2,233 from those in the more noisy area. Heart 
trouble, hypertension, high blood pressure, and abnormal heart shape were 
observed more in the noisy area. It was reported that more cardiovascular drugs 
were taken by females. van Dijk et al. (1987) conducted a field study in order to 
investigate the health effects of industrial noise. Based on the 552 responses, they 
found that dizziness, hoarseness, and blood pressure did not associate with the 
noise exposure. Annoyance associated more with annoying noise sources, mental 
workload, and time pressure than noise level itself. Kristal-Boneh et al. (1995) also 
conducted field measurements with 3,106 blue-collar workers in order to investigate 
the effects of industrial noise exposure on people’s physiological responses. They 
presented that noise intensity associated with resting heart rate and noise level 
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increased heart rate. Regecová and Kellerová (1995) assessed the relationship 
between long-term exposure to road traffic noise and blood pressure in children. 
They measured blood pressure and heart rates of children aged from three to seven 
(N = 1,542) and measured the noise level near their kindergartens and homes for 
24 hours. The results revealed that the noise levels above 60 dBA had significant 
impacts on children’s blood pressure and heart rates. Evans et al. (1998) conducted 
field research in order to examine the association between aircraft noise exposure 
and children’s physiological responses. The study was carried out with 217 children 
living nearby one of the airports in Munich, Germany. They discovered that chronic 
aircraft noise exposure increased children’s resting blood pressure and overnight 
epinephrine and norepinephrine. It depressed quality-of-life indicators. Wallenius 
(2004) conducted questionnaire surveys with 147 residents who were living in either 
noisy (above 55 dBA) or less noisy (below 55 dBA) areas. They investigated the 
road traffic noise exposure and subjective health complaints. The results showed 
that general health and somatic symptoms (e.g. trouble in breathing, faintness, and 
dizziness) associated with noise exposure. Annoyance and disturbance of daily 
activities interacted with the general health and somatic symptoms. Aydin and 
Kaltenbach (2007) observed residents in the vicinity of an airport (N = 53). The 
residents were either from an area with the higher noise exposure or from an area 
with the lower noise exposure of aircraft. It was observed that those who were 
exposed to more aircraft noise of 50 dBA showed higher average blood pressure. 
Fyhri and Aasvang (2010) assessed the relationships between long-term noise 
exposure, annoyance, sleeping problems, and subjective health complaints. They 
conducted questionnaire surveys with a number of residents (N = 786) and 
compared the data with night-time noise levels calculated from outside of each 
respondent’s dwelling, at the bedroom façade. They identified significant 
associations between night-time noise annoyance, sleeping problems, and some 
pseudoneurological complaints (palpitation, heat flushes, dizziness, anxiety, and 
depression). However, they reported that cardiovascular problems did not associate 
with noise exposure nor noise response. Bakker et al. (2012) conducted 
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questionnaire surveys with residents of the Netherlands living in the vicinity of wind 
turbines (N = 725). The results presented close connections between wind turbine 
noise exposure, annoyance, self-reported sleep disturbance, and psychological 
distress. Babisch et al. (2013) evaluated the effects of road traffic and aircraft noises. 
From the collected data (N = 4,861) they found that aircraft noise associated with 
hypertension. The association was stronger in more annoyed participants. However, 
there was no association between hypertension and road traffic noise. 
As various non-acoustic factors have been recognised to influence noise 
annoyance response (Job, 1988), research has examined the effects of non-acoustic 
factors on physiological responses. For instance, Stansfeld (1992) provided an 
extensive review of relationships between noise sensitivity and various responses to 
environmental noise. He addressed that greater awareness of external events 
contributed to the physiological responses or vice versa for the case of 
noise-sensitive individuals. In particular, it was addressed that high noise sensitivity 
associated with a higher level of physiological arousal, phobic, and defence/startle 
responses as well as slower habituation to noise. 
In particular, Öhrström and Björkman (1988) carried out laboratory 
experiments in order to survey the effects of road traffic noise during the night-
time. They monitored body movements, heart rate, subjective sleep quality, mood, 
and performance of participants with high or low noise sensitivity (N = 24). The 
participants slept 13 nights in the laboratory where road traffic noise was played. 
Its maximum noise level was 60 dBA and the noise exposure began at 22:30 and 
ended 07:30 in which 57 vehicles were presented. The participants responded to 
the questionnaires about sleep quality and mood every evening and morning. They 
revealed that noise events increased the number of body movements and heart rate. 
The noise-sensitive participants reported subjective low sleep quality and more 
movements. Both noise-sensitivity groups reported a slight decrease in mood and 
habituation was not found from the effects. The low noise-sensitivity group 
reported increased tiredness and the high noise-sensitivity group reported decreased 
extroversion after the noise exposure. Öhrström and Rylander (1990) then 
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investigated the effect of the number of noise events on sleep. The participants had 
either high or low self-reported noise sensitivity (N = 28). They slept eight nights 
in the laboratory where road traffic noise was played. Its maximum noise level was 
either 50 or 60 dBA. The noise exposure began at 22:30 and ended at 07:30. The 
noise exposure consisted of 4, 8, 16 and 64 pass-bys of heavy vehicles. The results 
showed that sleep quality was affected the most by the number of noise events 
followed by noise sensitivity and noise level. The high noise-sensitivity group 
significantly affected by the number of noise events, while the low noise-sensitivity 
group was affected by the number of noise events only when the noise level was 
60 dBA. Nivison and Endresen (1993) conducted a survey study in order to 
examine the effects of long-term exposure to road traffic noise on self-reports of 
health and sleep. The survey respondents (N = 82) responded to some questions 
such as health complaints, usual sleep patterns, psychosocial relations, anxiety, 
stressful life events, and attitudinal factors that could explain their responses to 
noise. The results revealed that there was no association between the noise level, 
health, and sleep. However, strong correlations were found between annoyance, 
sensitivity, and health complaints. Besides, female respondents presented stronger 
associations between poor sleep quality, health complaints, and noise sensitivity. 
The stronger correlations of the female respondents were explained by the degree 
of exposure to noise caused by their longer residence and greater time spent at 
home. Belojević et al. (1997) investigated the effects of road traffic noise exposure 
on residents’ health. They interviewed 253 residents living in noisy areas where the 
ambient noise level was higher than 65 dBA and 160 residents living in less noisy 
areas with lower than 55 dBA of the ambient noise level. They discovered that 
residents in the noisy area reported more frequent sleep problems including 
difficulty in falling asleep, awakenings, tiredness after awakening, and poor 
subjective sleep quality. Those in the noisy area reported more frequent health 
complaints including headache, nervousness, fatigue, and feeling of depression. 
They also reported more frequent intention to change the place of living, duration 
of leaving windows open, and poor interpersonal relationship between neighbours. 
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From the results, the authors discussed that neuroticism, noise sensitivity, sleep 
disorders, and psychological disturbances correlated with each other. Björk et al. 
(2006) investigated the relationship between road traffic noise and annoyance, 
disturbance of daily activities, and general health. They carried out a social survey 
and collected responses from 13,557 respondents. It was shown that the noise 
exposure increased annoyance and disturbance of daily activities. Particularly, the 
association between noise exposure and hypertension was observed from the 
female respondents. They also reported unemployed respondents presented the 
association between stress and the noise exposure. Further, those with financial 
problems showed the association between concentration problems and noise 
exposure. Heinonen-Guzejev et al. (2007) studied the association of coronary heart 
and cardiovascular mortality with noise sensitivity. From the collected data 
(N = 1,495), they reported there was a significant increase in cardiovascular 
mortality from noise-sensitive female participants. Fyhri and Klæboe (2009) 
collected data from 1,842 residents (including face-to-face interviews in 8 sub-areas 
and telephone interviews in 14 areas) living in Oslo, Norway. They examined the 
effect of road traffic noise on hypertension and ischemic heart disease. It was 
reported that subjective health complaints (e.g. sleeping problems and nervousness) 
correlated with noise sensitivity and annoyance. Age was also reported to associate 
with all the health complaints except tiredness. Table 2-2 summarises some of the 
existing studies which have found physiological effects of noise or acoustic stimuli. 
The list is sorted in ascending order of the publication year. 
Table 2-2. Studies on physiological responses to noise or acoustic stimuli. 
Study Method Noise source Noise effects 
Knipschild (1977), 
Netherlands 
 
Survey 
N = 3,595; 
2,233 
Aircraft noise Heart trouble, hypertension, high blood 
pressure, and abnormal heart shape 
*Gender difference had an impact on 
the responses 
Andrén et al. 
(1980), Sweden 
Laboratory 
N = 18 
Industrial noise Diastolic blood pressure 
Vallet et al. (1983), 
France 
Field 
N = 26 
Road traffic noise Sleep disturbance 
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Study Method Noise source Noise effects 
*Age difference had an impact on the 
responses 
Björk (1986), 
Finland 
 
Laboratory 
N = 30; 28 
Various sound clips Electrodermal activity 
Eberhardt et al. 
(1987), Sweden 
Laboratory 
N = 1; 9 
Road traffic noise Sleep disturbance and mood changes 
after sleep 
Öhrström and 
Björkman (1988), 
Sweden 
Laboratory 
N = 24 
Road traffic noise Sleep disturbance 
*Noise sensitivity had an impact on the 
responses 
Carter and Beh 
(1989), Australia 
Laboratory 
N = 60 
Intermittent noise 
burst 
Diastolic blood pressure, mean blood 
pressure, and heart rate 
Öhrström and 
Rylander (1990), 
Sweden 
 
Laboratory 
N = 28 
Road traffic noise Sleep disturbance 
*Noise sensitivity had an impact on the 
responses 
Kristal-Boneh et al. 
(1995), Israel 
Field 
N = 3,106 
Industrial noise Heart rate 
 
Öhrström (1995), 
Sweden 
Laboratory 
N = 12 
Road traffic noise Sleep disturbance and tiredness after 
sleep 
Belojević et al. 
(1997), Yugoslavia 
Survey 
N = 253; 
160 
Road traffic noise Sleep disturbance, tiredness after sleep, 
headache, nervousness, fatigue, and 
feeling of depression 
*Neuroticism and noise sensitivity had 
impacts on the responses 
Evans et al. (1998), 
Germany 
 
Field 
N = 217 
Aircraft noise Blood pressure, overnight epinephrine 
and norepinephrine, and quality-of-life 
indicators 
Holand et al. 
(1999), France 
Laboratory 
N = 25 
Acute loud noise Blood pressure and heart rate 
Bluhm et al. (2004), 
Sweden 
Survey 
N = 657 
Road traffic noise Sleep disturbance 
*Window orientation and type of 
housing had impacts on the responses 
Wallenius (2004), 
Finland 
Survey 
N = 147 
Road traffic noise General health and somatic symptoms 
Björk et al. (2006), 
Sweden 
 
Survey 
N = 13,557 
Road traffic noise Sleep disturbance and hypertension 
*Gender difference, and employment, 
financial status had impacts on the 
responses 
Griefahn et al. 
(2008), Germany 
 
Laboratory 
N = 24 
Aircraft, railway, 
and road traffic 
noises 
Heart rate 
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Study Method Noise source Noise effects 
Hume et al. (2008), 
UK 
Laboratory 
N = 51 
Various sound clips Heart rate and respiratory rate 
*Gender difference had an impact on 
the responses 
Fyhri and Klæboe 
(2009), Norway 
 
Interview 
N = 1,842 
Road traffic noise Sleeping problems and nervousness 
*Noise sensitivity and age difference 
had impacts on the responses 
Alvarsson et al. 
(2010), Sweden 
Laboratory 
N = 40 
Road traffic noise 
and nature sounds 
Skin conductance level 
Hume and 
Ahtamad (2013), 
UK 
 
Laboratory 
N = 80 
Various sound clips Heart rate, respiration rate, and 
electromyography 
*Gender difference had an impact on 
the responses 
Lindborg (2013), 
Singapore 
Laboratory 
N = 17 
Various sound clips Heart rate 
 
2.4 Summary 
This chapter presented the literature review which gives broad ideas of the 
current state of the research fields. The chapter began with a brief introduction on 
how stress responses have been conceptualised traditionally. Regarding noise as one 
of the environmental stressors, the chapter continued reviewing the existing studies 
which have focused on responses to various types of noise or acoustic stimuli. The 
studies reviewed in the chapter were on noticeability, annoyance, emotion, and 
physiological responses. Some studies focused on some residential indoor noise 
sources, but most of the studies concentrated on other environmental noise sources 
such as transportation noises. By identifying the lack of research on neighbour noise 
and floor impact noise, this chapter confirmed the very rationale for this whole 
research. In addition, it has given the author insights on how to set research 
objectives for each study and how to practically plan, design, and conduct the 
following studies in order to investigate psychological and physiological responses 
to floor impact noise. 
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3 Characteristics of noise events caused by 
upstairs neighbours in multi-family 
housing: Field measurements* 
3.1 Introduction 
Indoor noise level is a significant factor for occupants’ health and well-being 
in residential buildings. Hence, the WHO suggests the guidelines for residential 
buildings based on 24-hour noise levels. A number of studies have reported 
environment noise levels in terms of Ldn or Lden (e.g. Fields, 1984; Paunović et al., 
2009; World Health Organization, 2018). However, there is little research that 
examined neighbour noise for 24 hours. Consequently, 24-hour noise measurement 
is necessary for understanding acoustic comfort in homes. This study investigated 
different characteristics of noise events heard inside real houses of multi-family 
housing buildings. Field measurements were performed in 32 residences in multi-
family housing in South Korea. Noise recordings were carried out at each residence 
in unoccupied conditions. The 24-hour recordings were compared between three 
different times: day (07:00 ~ 19:00), evening (19:00 ~ 23:00), and night 
 
* This chapter has been partly published in a peer-reviewed journal and a conference proceeding. 
The papers can be found in Appendix 7. 
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(23:00 ~ 07:00). First, noise events which exceeded the threshold levels were 
collected. Then each noise source was identified. The noise level, length, and the 
number of occurrence of each source were analysed. The study was conducted 
based on the following research question and objectives as shown in Table 3-1. 
Table 3-1. The research question and objectives of the present field study. 
Research question Objectives 
▪ What kinds of indoor noise 
would be heard in real 
residences in heavyweight 
multi-family housing 
buildings? 
▪ To investigate various noise events in real houses for long-term. 
▪ To identify each noise event’s characteristics: noise source, noise 
level, noise length, and the number of occurrence 
▪ To examine the impact of slab thickness on floor impact noise 
exposure. 
3.2 Methods 
3.2.1 Sites 
Thirty-two residences in multi-family housing buildings were recruited for 
the measurements. As listed in Table 3-2, 19 sites were in Seoul and the others were 
located in other cities of South Korea. All the sites were located in urban areas and 
all buildings were constructed as heavyweight buildings with the reinforced 
concrete structure. Net floor area of the sites ranged from 42 to 212.5 m2. The 
oldest site was built in 1984 and the latest one was built in 2013. The number of 
bedrooms in each home varied from one to five. The number of bathrooms ranged 
from one to three. Slab thickness of each site ranged from 135 to 210 mm. Since 
Korean domestic regulation was strengthened in 2005, many of sites built earlier 
had slab thickness of 135 and 150 mm. Most sites were built with slabs thicker than 
150 mm since then. The buildings were all different in heights. The shortest 
building had five floors (Site #2), whereas the tallest had 42 floors (Site #20). Two 
sites were on the first floors (i.e. ground floors in the UK) so they were the lowest 
(Sites #2 and #7) and the site located on the 32nd floor was the highest (Site #28). 
Distance from major roads also varied ranging from 21 to 181 m.  
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3.2.2 Procedure 
The noise measurements were carried out in either living rooms or 
bedrooms under unoccupied conditions. The recording location of each site was 
chosen depending on the report of the residents living in each site that they could 
hear the most noise from upstairs. The measurements were conducted from the 
morning to the following morning for 24 hours while the residents vacated the site. 
All windows were double glazed and they were closed during the measurements to 
minimise the effects of outdoor noise. Heating, ventilation, and air conditioning 
(HVAC) were turned off. The refrigerators could not be turned off because all the 
sites were actual houses in which the occupants lived. Before starting the noise 
measurement, the entire measurement system was calibrated using an acoustic 
calibrator (Brüel & Kjær Type 4280). The noise was recorded using a half-inch free 
field microphone (Brüel & Kjær Type 4189) which was mounted on the tripods and 
positioned 1.2 m above the floor. The microphone was directly connected to the 
noise monitoring system (01dB DUO) which has the calibrated recording feature 
as an all-in-one device. 
3.2.3 Data analysis 
All data were exported from the noise monitoring system (01dB DUO) as 
one-minute interval noise levels. The data were then processed using data 
processing software (01dB dBTrait). All noise measurements were exported as 
LAeq,1-minute and LAFmax according to the WHO guidelines (Berglund et al., 1999). Since 
the noise levels were exported by one-minute intervals, a total of 1,440 noise levels 
were derived for 24 hours per site. The 24-hour period was classified into the day 
(07:00 ~ 19:00), evening (19:00 ~ 23:00), and night (23:00 ~ 07:00) according to 
ISO 1996-2. 
In order to identify noise sources, noise events exceeding threshold noise 
levels were identified. Based on the WHO recommendations, the threshold noise 
levels were set as 35 dBA (LAeq) for daytime, and 30 dBA (LAeq) and 45 dBA (LAFmax) 
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for night-time (Berglund et al., 1999). For daytime LAFmax, there was no WHO 
recommendation so a threshold level of 50 dBA (LAFmax) was adopted from the 
domestic guidelines of the Korean Government (Ministry of Land, Infrastructure 
and Transport, 2018). Noise source and length of the noise events were then 
identified by listening to the recordings. Time histories (exported with an interval 
of 125 ms) were of help to visually recognise the noise events at this stage. The time 
histories of each site can be found in Appendix 1. All noise events were classified 
into either airborne or structure-borne noise sources. Of the structure-borne noise 
sources, heavyweight and lightweight impact sources were also classified. The 
sources were identified based on objective characteristics. For example, adults’ 
walking and children’s running were identified mainly based on intervals between 
the steps (speed of footsteps). The LAE, the equivalent sound level normalised to 
a period of one second, was used to analyse the noise levels of each noise source 
since the length of each noise event was different. 
3.3 Results 
3.3.1 The overall noise levels 
Figure 3-1 displays box-plots of the overall LAeq for 24-hour, day, evening, 
and night. Box-plots are used in the figures in this section in order to present the 
median values. Among the three time periods (day, evening, and night), LAeq in the 
evening showed the widest variation. Median LAeq was the lowest at night. Table 
3-3 shows the overall LAeq measured from each site. It was found that six sites (#2, 
#5, #8, #14, #18, and #32) exceeded the threshold levels in the daytime or evening 
(35 dBA, LAeq) and eight sites (#2, #5, #13, #14, #22, #23, #26, and #31) 
exceeded that of the night-time (30 dBA, LAeq). Three sites (#2, #5, and #14) 
exceeded all the threshold levels for day, evening, and night. 
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Figure 3-1. The overall LAeq for 24-hour, day, evening, and night.* 
 
* The boxplots show median, first and third quartiles, minimum and maximum, and outliers. Each 
box represents the range of scores from first quartile to third quartile (i.e. inter-quartile range). 
Median is marked by the line that divides the box into two parts. The whiskers show minimum and 
maximum, and the small circles mark outliers. 
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Table 3-3. The overall LAeq of each site for 24-hour, day, evening, and night. 
 
Site No. 
LAeq [dBA] 
Overall 
(24-hour) 
Day 
(07:00 ~ 19:00) 
Evening 
(19:00 ~ 23:00) 
Night 
(23:00 ~ 07:00) 
1 30.1 30.4 30.2 29.6 
2 36.0 36.5+ 35.6+ 35.4+ 
3 23.7 24.7 24.3 20.9 
4 30.4 31.0 29.6 29.6 
5 45.7 46.9+ 48.6+ 34.1+ 
6 22.9 23.2 23.6 21.8 
7 23.3 24.3 22.6 21.6 
8 36.7 30.2 43.7+ 29.2 
9 20.9 20.8 22.7 19.9 
10 26.6 27.6 28.5 21.7 
11 28.4 28.7 28.1 28.0 
12 28.5 29.8 28.2 25.6 
13 32.4 32.7 32.3 32.1+ 
14 36.4 36.5+ 36.2+ 36.2+ 
15 27.8 28.3 28.1 26.7 
16 30.0 30.7 29.9 28.9 
17 20.8 20.2 21.9 20.9 
18 34.4 36.9+ 30.1 26.4 
19 31.3 32.3 31.1 29.2 
20 27.9 28.5 27.7 26.8 
21 24.2 26.3 20.9 19.4 
22 31.5 31.8 31.9 30.7+ 
23 33.5 33.9 33.9 32.7+ 
24 22.5 23.9 21.9 19.6 
25 24.6 24.7 24.5 24.4 
26 34.5 34.4 34.6 34.6+ 
27 23.6 23.9 23.6 23.1 
28 28.2 28.4 28.5 27.7 
29 22.0 22.3 21.7 21.8 
30 30.2 30.5 30.1 29.6 
31 32.9 33.2 33.2 32.3+ 
32 34.0 34.0 37.7+ 29.4 
M 29.2 29.6 29.6 27.2 
SD 5.7 5.6 6.4 5.0 
Mdn 29.3 30.0 29.1 27.8 
Min 20.8 20.2 20.9 19.4 
Max 45.7 46.9 48.6 36.2 
+ above the threshold levels (35 dBA for day and evening; 30 dBA for night) 
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Figure 3-2. The overall LAFmax for 24-hour, day, evening, and night. 
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Table 3-4. The overall LAFmax of each site for 24-hour, day, evening, and night. 
 
 
Site No. 
LAFmax [dBA] 
Overall 
(24-hour) 
Day 
(07:00 ~ 19:00) 
Evening 
(19:00 ~ 23:00) 
Night 
(23:00 ~ 07:00) 
1 52.4 52.4+ 49.7 49.7+ 
2 70.2 68.0+ 61.3+ 70.2+ 
3 53.7 52.7+ 53.7+ 45.0 
4 63.7 63.7+ 59.0+ 48.9+ 
5 87.1 87.1+ 86.6+ 62.4+ 
6 54.9 54.9+ 50.6+ 40.7 
7 55.0 55.0+ 49.6 45.3+ 
8 74.0 56.6+ 74.0+ 45.8+ 
9 54.9 49.0 49.2 54.9+ 
10 63.2 58.8+ 63.2+ 51.1+ 
11 57.0 57.0+ 54.6+ 46.1+ 
12 57.9 57.9+ 49.0 56.6+ 
13 57.5 57.5+ 50.3+ 50.0+ 
14 65.6 65.6+ 61.8+ 62.1+ 
15 55.4 54.2+ 55.4+ 51.2+ 
16 63.5 63.5+ 58.1+ 52.2+ 
17 54.0 49.2 54.0+ 46.1+ 
18 74.6 74.6+ 62.3+ 53.4+ 
19 73.4 73.4+ 69.2+ 49.7+ 
20 53.3 53.3+ 47.1 47.5+ 
21 61.2 61.2+ 49.4 44.5 
22 50.0 50.0 45.9 43.7 
23 62.7 62.7+ 57.9+ 52.6+ 
24 61.0 61.0+ 50.7+ 51.5+ 
25 61.7 61.7+ 42.8 45.4+ 
26 62.0 62.0+ 49.7 50.4+ 
27 48.8 48.8 47.4 43.0 
28 54.3 53.2+ 54.3+ 49.7+ 
29 64.0 64.0+ 49.2 59.5+ 
30 60.0 60.0+ 51.8+ 45.8+ 
31 60.8 60.8+ 52.4+ 53.5+ 
32 70.4 70.4+ 70.3+ 48.5+ 
M 61.2 60.0 55.6 50.5 
SD 8.3 8.4 9.3 6.3 
Mdn 60.9 59.4 53.1 49.7 
Min 48.8 48.8 42.8 40.7 
Max 87.1 87.1 86.6 70.2 
+ above the threshold levels (50 dBA for day and evening; 45 dBA for night) 
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Figure 3-2 illustrates box-plots of the overall LAFmax of 24-hour, day, evening, 
and night. Among the three time periods (day, evening, and night), LAFmax of the 
evening presented the widest variation. Median LAFmax was the lowest at night. Table 
3-4 lists the overall LAFmax of each site. Most of the sites exceeded the threshold 
levels in the daytime or evening (50 dBA, LAFmax). Only Sites #9, #22, and #27 did 
not exceed the threshold levels in the daytime and evening. For the night-time noise, 
only five sites (#3, #6, #21, #22, and #27) did not exceed the threshold levels 
(45 dBA, LAFmax). Sites #22 and #27 were the only sites which showed lower levels 
than the threshold levels for day, evening, and night. 
There were a total of 1,440 noise levels exported for 24 hours per site 
because the data were derived with one-minute intervals. Table 3-5 lists the 
percentages of the whole noise levels of all the sites, in each of the noise level ranges. 
The table shows the ranges of noise levels below or equal to 30 dBA, between 
30 and 40 dBA, between 40 and 50 dBA, and above 50 dBA. The LAeq from most 
of the sites (62.9 %) were below or equal to 30 dBA for 24 hours. Those between 
30 and 40 dBA (LAeq) for 24 hours were 33.8 %. Those between 40 and 50 dBA 
(LAeq) for 24 hours were very low (0.2 %) and those higher than 50 dBA (LAeq) for 
24 hours were 3.1 %. LAeq which exceeded the threshold levels were 12.2 % and 
12.0 % for day and evening, respectively. In addition, 32.7 % exceeded the 
threshold level of the night-time LAeq. For the case of LAFmax, 29.4 % were below 
30 dBA for 24 hours. The table presents that 56.4 % were between 30 and 40 dBA 
(LAFmax) and 12.9 % were between 40 and 50 dBA (LAFmax) for 24 hours. Besides, 
1.4 % were above 50 dBA (LAFmax). LAFmax which exceeded the threshold levels were 
1.8 % for day, evening, and night.   
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3.3.2 The number of occurrence of each noise source 
Noise sources and their number of occurrence are listed in Table 3-6. Five 
sources were identified as airborne noise sources; it included public address (PA) 
system, domestic equipment such as vacuum machines, voice of adults, voice of 
children, and other sources such as musical instruments. The PA system represents 
the sounds announced by management offices. In South Korean apartment 
complexes, the management offices frequently announce important events or 
notices to all residents via a speaker installed on the wall or ceiling of the living 
room of each house. It was found that a total of 76 noise events were produced by 
airborne noise sources and the number of occurrence of children’s voice was the 
largest. The structure-borne noise was made by nine sources. It included the noises 
of adult's walking, children's running, children's jumping, movement of furniture, 
dropping of small objects, scraping of small objects, door banging, plumbing system, 
and hammering. The number of structure-borne noise events was 542. The number 
showed that structure-borne noise was dominant in the participated sites. The 
number of occurrence of furniture movement was the largest, followed by dropping 
of small objects, children’s running, and adults’ walking. In particular, the 
heavyweight and lightweight impact noises presented in Table 3-6 were generated 
by residents living upstairs of the sites except for the door banging noise. Of 54 
door banging noise events, 17 were that of main entrance doors of neighbouring 
sites on the same floor which were accompanied by echoes in the hallway. Figure 
3-3 shows the number of occurrence of each noise source for day, evening, and 
night. The majority of noise events occurred during the daytime. This was mainly 
because the period of daytime is the longest and the activities of the neighbours are 
most active at this period of time. For instance, movement of furniture, dropping 
of small objects, children’s running, and adults’ walking were dominant in the 
daytime. The number of occurrence of furniture movement was the largest during 
the day and this noise source was also observed during the evening and night. In 
particular, movement of furniture consisted of movements of various types of 
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furniture (e.g. scraping noise of table or chairs, impact noise of chairs, etc.). Most 
of the events occurred at night were short impact noise of chairs. The noise of 
furniture movement lasted two times longer during the daytime than night. 
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Figure 3-3. The number of occurrence of each noise source for day (grey), 
evening (white), and night (stripes). 
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Figure 3-4. The number of occurrence of the four major noise sources at hourly 
intervals for 24 hours. 
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There were four major noise sources which accounted for large proportions: 
adults’ walking, children’s running, movement of furniture, and dropping of small 
objects. Figure 3-4 presents the number of occurrence of the four sources at hourly 
intervals. Adults’ walking frequently occurred between 07:00 and 10:00. This could 
be because it is time for getting ready to go to work, helping their children to go to 
school, or doing household chores. Movement of furniture also occurred frequently 
during these times. Noise such as scraping of chairs in these times can be regarded 
as people upstairs were having breakfast. Children’s running started to be frequent 
from 10:00 and the other three noises became frequent around 13:00 ~ 14:00. It 
can be said that all the four noises were closely related to each other, which could 
be primarily related to children’s activities. In particular, it was identified that 
children’s running noise during the afternoon occurred more frequently with 
scraping noise of chairs and dropping or scraping noise of small objects. Movement 
of furniture was exposed with a relatively large number of occurrence in the evening 
(19:00 ~ 20:00) and at night (23:00 ~ 00:00). These noise events might be relevant 
to people’s activities after coming back from work, for example, such as having 
dinner or resting. 
3.3.3 Lengths of each noise source 
The lengths of the noise sources are described in Figure 3-5 and Table 3-7. 
The shortest noise events were the adult’s walking, the movement of furniture, and 
the dropping of small objects (1.3 seconds). The median length of the adult’s 
walking was 18.4 seconds, that of the movement of furniture was 6.3 seconds, and 
that of the dropping of small objects was 5.5 seconds. The longest noise event was 
children’s running (1,683 seconds). The median length of the children’s running 
was 31 seconds. The shortest median and mean lengths were caused by the door 
banging. The longest median and mean lengths were generated by the plumbing 
system. Given that this study only examined noise events exceeding the threshold 
noise levels, it was assumed that the actual noise events would last for longer. 
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Figure 3-5. Lengths of each noise source; the airborne noise sources are shown 
with grey boxes and the structure-borne noise sources are shown 
with white boxes. 
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3.3.4 Noise levels of each noise source 
Figures 3-6 and 3-7 show the box-plots of the noise levels of each noise 
source in terms of LAFmax and LAE, respectively. LAeq was not appropriate to describe 
the noise levels of each source because there were large variations in the lengths of 
the noise sources. Thus, LAE was adopted to describe the noise levels of each source. 
In general, airborne noise sources presented larger variations than structure-borne 
sources. Among the airborne noise sources, the noise from the PA system showed 
the highest median values followed by the voice of children. However, the PA 
system was not frequently heard (Table 3-6). In addition, it is questionable that the 
PA system could be regarded as one of the neighbour noise sources because it is 
literally the public address system which the whole residents in the building are 
exposed to at the same time. Among the structure-borne sources, hammering and 
door banging produced the highest and lowest medians of LAE, respectively. 
Although plumbing system showed the lowest LAFmax (Figure 3-6), it was the second 
highest in terms of LAE (Figure 3-7) since it had the longest length (Table 3-7 and 
Figure 3-5) and the length should be applied to derive LAE. All the median LAE of 
adults’ walking, children’s jumping, movement of furniture, and dropping of small 
objects were similar and children’s running and scraping of small objects had 
relatively higher median LAE. Particularly, these two noise sources had higher 
median LAE than other structure-borne noises (except hammering) since they lasted 
longer than the others. 
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Figure 3-6. LAFmax for the noise sources; the airborne noise sources are shown 
with grey boxes and the structure-borne noise sources are shown 
with white boxes. 
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Figure 3-7. LAE for the noise sources; the airborne noise sources are shown with 
grey boxes and the structure-borne noise sources are shown with 
white boxes.  
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3.3.5 Relationships between the variables 
There were four different thicknesses of slabs being used in different sites. 
The noise levels and the number of occurrence were compared between the 
different slab thicknesses. Table 3-8 lists median values of noise levels (LAeq and 
LAFmax) across the different slab thicknesses. The noise levels are listed for different 
time periods. The highest LAeq for 24 hours was from 210 mm and the lowest was 
from 180 mm. The highest LAFmax for 24 hours was from 180 mm and the lowest 
was from 135 mm. Figures 3-8 shows LAeq for different time periods across the 
different slab thicknesses. Figures 3-9 presents the number of occurrence of 
different noise sources across the different slab thicknesses. The slab thickness did 
not have any correlation with the noise levels and the number of occurrence. There 
was also no correlation between the year of construction and the noise levels or the 
number of occurrence. 
 
Table 3-8. Median LAeq and LAFmax across the different slab thicknesses. 
  Slab thickness [mm] 
  135 150 180 210 
Noise level [dBA] 
LAeq,24-hour 30.1 29.3 26.3 32.9 
LAeq,Day 30.4 30.0 27.4 33.2 
LAeq,Evening 30.2 29.1 26.1 33.2 
LAeq,Night 29.6 27.4 25.6 29.6 
LAFmax,24-hour 53.7 57.7 61.5 60.8 
LAFmax,Day 52.7 57.3 61.5 60.8 
LAFmax,Evening 53.7 55.0 49.6 52.4 
LAFmax,Night 49.7 50.6 49.7 48.5 
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In order to investigate whether the indoor noise levels were affected by the 
number of occurrence and type of noise sources, correlation analyses were 
conducted. All the noise sources and the noise levels (LAeq and LAFmax) for 24 hours, 
day, evening, and night were tested. Table 3-9 and presents correlations of the noise 
sources with LAeq. Only the number of occurrence of the airborne noise had 
a significant but not very strong correlation with LAeq at the night-time. Additionally, 
Table 3-10 lists correlations between the number of occurrence of each noise 
source and LAeq. The number of the voice of adults and children had significant but 
not very strong correlations with the night-time LAeq. The structure-borne noises 
showed no correlation with LAeq. Figure 3-10 illustrates the relationships of the 
number of occurrence of the structure-borne, heavyweight impact, and the four 
major noises with LAeq across the different slab thicknesses. There was no 
correlation found across the different slab thicknesses. 
Table 3-9. Correlations of the number of occurrence of airborne, structure-borne, 
heavyweight impact, and the four major noises with LAeq for 24-hour, 
day, evening, and night (* p < 0.05). 
 
LAeq [dBA] 
24-hour Day Evening Night 
Number of 
occurrence 
Airborne noise .324 .320 .271 .358* 
Structure-borne noise .129 .201 .054 -.024 
Heavyweight impact noise .018 .086 -.019 -.124 
Four major noises .166 .236 .078 .003 
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3.4 Discussions 
3.4.1 Noise levels 
Acoustic comfort is one of the important parameters for indoor 
environment quality (Lai and Yik, 2009; Frontczak et al., 2012). It would be one of 
the crucial conditions for the pleasant indoor soundscape (Berglund and Nilsson, 
2006). Of 32 participated sites, 26 of them met the recommended LAeq of WHO 
guidelines during the daytime and evening. The levels at eight sites exceeded the 
WHO recommendation during the night. It does not indicate that the noise levels 
were acceptable and provided acoustic comfort because the impact of outdoor 
noise sources was very limited because all windows were closed. The overall noise 
levels found in this study had a good agreement with Jeon et al. (2007) when they 
measured noise levels at empty sites with closed windows. However, a significant 
increase of the indoor noise levels is expected when properties are occupied or 
windows are open (Jeon et al., 2007; Lai et al., 2009; Pujol et al., 2012). The WHO 
guideline also recommends that LAFmax should not exceed 45 dBA at night. It was 
observed that only five sites showed lower levels than this limit. Thus, it could be 
assumed that the residents in the other 27 sites might have experienced sleep 
disturbance at night. Most of the LAFmax at night were produced by movements of 
furniture between 23:00 and 00:00 and early in the morning between 05:00 and 
07:00. This finding supported a previous study presenting that residents in multi-
family housing frequently complained about noise coming from upstairs early in 
the morning and late night (Park et al., 2016a). The study also found that the noise 
levels showed large variations across the participated sites. The LAeq for 24 hours 
varied from 20.8 to 45.7 dBA. Moreover, the difference between the lowest and 
highest levels of LAFmax was 43.8 dB in the evening. Therefore, it can be interpreted 
that the noise levels in the sites were significantly affected by neighbours and their 
activities.  
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3.4.2 Noise sources 
This study reported that the dominant noise sources in the sites were human 
footsteps, movement of furniture, and dropping of small objects. On the other 
hand, surveys in European countries have reported quite different findings. 
A survey in the UK (Department for Environment Food and Rural Affairs, 2015) 
reported that the most annoying neighbour noise sources were airborne sources 
such as voices, dogs, and radio/television, whereas the percentage of neighbours’ 
footsteps and banging on walls or floors accounted for less than 10 %. Another 
survey conducted in the Netherlands reported that the most commonly heard noise 
from neighbours was flushing noise from toilets and the most annoying noise was 
playing music followed by radio/television and footsteps (van Dongen, 2001). The 
difference between the aforementioned European studies and this study could be 
attributed to the dwelling types in which the respondents lived. For instance, in the 
British study, the majority of the respondents lived in semi-detached, detached, or 
terrace houses, whereas only 13 % of them lived in either flats or maisonettes 
(Department for Environment Food and Rural Affairs, 2015). However, all the sites 
which took part in this study were multi-storey heavyweight buildings. A recent 
study on loudness and annoyance of neighbour noise in residential buildings also 
reported that subjective ratings varied across housing types (Wang et al., 2015).  
3.4.3 Slab thickness 
Previously, impact sound insulation of floors has been reported to be 
improved with the increase of concrete slabs (Jeon et al., 2006b; Huang, 2014). 
However, these previous measurements were mostly conducted in experimental 
settings where the standard impact sources (e.g. an impact ball and a tapping 
machine) were used and the noise levels in real situations were not applied. This 
study compared the characteristics of noise exposure between the different slab 
thicknesses but there was no significant influence of the slab thickness found. 
Therefore, a different approach needs to be considered to enhance acoustic 
comfort in residences. For instance, non-acoustic factors need to be considered 
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when it comes to evaluating subjective impressions towards indoor building noise. 
Recent studies have reported a few non-acoustic factors affecting subjective 
reactions to floor impact noise such as noise sensitivity (Ryu and Jeon, 2011; Park 
et al., 2016a; Park et al., 2016b). It was also reported that residents who had more 
positive relationships with neighbours expressed less noise annoyance (Park et al., 
2016a). Therefore, it implies that noise annoyance could be reduced by dealing with 
non-acoustic and non-technical factors.  
3.4.4 General discussion 
Most auditory experiments have applied the same noise level variations to 
different noise sources. For example, Jeon et al. (2010b) reported annoyance ratings 
of two drainages (a bathtub draining and a flushed toilet) and two airborne noises 
(conversation and piano) with the same noise level variations. Ryu and Jeon (2011) 
also investigated noise annoyance caused by five airborne sources (conversation, 
piano, telephone ringing, music, and television) with the same noise variation of 30 
to 50 dBA. However, this study revealed that the noise levels were different across 
all noise sources. Therefore, this finding provided practical ideas for future research 
design, in particular, for auditory experiments which will use neighbour noise 
stimuli. Further, 27 of the 32 measurements were conducted between June and 
September during which the weather was warm enough for residents to leave their 
windows open in the daytime. Under such conditions, the noise levels of airborne 
noise from neighbours’ houses might have been greater than those in other seasons 
of the year when residents normally close the windows. Additionally, the 
measurements which were performed during the school term-time (March ~ July; 
September ~ December) might have shown limited noise events caused by 
children’s activities. Therefore, longitudinal measurements would be beneficial in 
future to cover all seasons of the year. Furthermore, this study did not evaluate the 
subjective responses of the occupants of the sites. It has been common to report 
dose-response functions based on 24-hour noise levels and subjective ratings in the 
environmental noise research fields, but there has been no attempt presenting such 
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a relationship in the indoor noise research field, especially as to the noise from 
neighbours. Therefore, valuable data would be yielded if future research conducts 
both field measurements and questionnaire surveys in residential buildings.  
3.5 Summary 
The on-site noise measurements were carried out for 24 hours in 
32 residences in multi-family housing. The recordings were analysed at 1-minute 
intervals in terms of LAeq and LAFmax for three different time periods (day, evening, 
and night). As to the WHO recommended LAeq, most of the sites met the 
recommended levels. However, most of the sites exceeded the limits when the 
LAFmax limits were considered. Human footsteps (both adults’ and children’s), 
movement of furniture, and dropping of small objects were the major sources in 
terms of the number of occurrence. Except for the hammering noise, LAFmax of 
children’s jumping and dropping small objects were greater than other structure-
borne noises. Moreover, the noise level was not affected by the slab thickness or 
the number of occurrence. Although the findings from this study cannot fully 
represent the whole population, they would be of help for future research, 
particularly those which will be conducted in laboratory settings, to design noise 
stimuli based on the characteristics (e.g. noise levels of each source) found in this 
study. Table 3-11 lists the summary of the major findings of this study with the 
research question of the study. 
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Table 3-11. The research question and the findings of this study. 
Research question Findings 
▪ What kinds of indoor noise 
would be heard in real 
residences in heavyweight 
multi-family housing buildings? 
▪ Noise level 
- LAeq: 20.8 ~ 45.7 dBA (24-hour) 
- LAFmax: 48.8 ~ 87.1 dBA (24-hour) 
- The highest and lowest LAFmax of structure-borne noise 
sources were made by hammering and plumbing system, 
respectively. The noise level of the plumbing system 
considerably increased when LAE was derived because of 
its long length. 
▪ Noise source 
- Airborne: PA system, domestic equipment, adult’s voice, 
children’s voice, and others. 
- Structure-borne: adult's walking, children's running, 
children's jumping, movement of furniture, small object 
dropping, small object scraping, door banging, plumbing 
system, and hammering. 
▪ Number of occurrence 
- Dominant sources: adult’s walking, children’s running, 
movement of furniture, and dropping of small objects. 
▪ Noise length 
- The whole noise sources lasted ranging from 1.3 to 1,683 
seconds. 
- The dominant sources’ median lengths ranged from 5.5 to 
31 seconds. 
▪ The slab thickness did not correlate with the noise 
characteristics, implying that other physical characteristics, as 
well as neighbours’ activities, are important determinants for 
the indoor noise events. 
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4 Psychological and physiological 
responses to floor impact noise: 
A laboratory study* 
4.1 Introduction 
The previous study in Chapter 3 found the noise events exceeded the LAFmax 
limits from most of the participated sites. The noise events exceeding the noise level 
limits were likely to have impacts on the occupants’ annoyance as well as sleep at 
night. Annoyance and sleep disturbance have been widely known to be related to 
individuals’ health risks. So far, subjective perceptions of floor impact noise have 
been evaluated in several studies mainly by using questionnaire surveys but there is 
little knowledge about physiological reactions to the noise. This study examined 
psychological and physiological responses evoked by floor impact noise stimuli. It 
was carried out in a laboratory setting in which two psychological responses 
(annoyance and noticeability) and three physiological measures (heart rate, 
electrodermal activity, and respiration rate) were investigated. A total of 
21 participants took part in the experiment. During the measurements, the 
 
* This chapter has been partly published in a peer-reviewed journal and a conference proceeding. 
The papers can be found in Appendix 7. 
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participants were exposed to floor impact noise stimuli generated by either real 
impact sources (e.g. footsteps and scraping of furniture) or the standard impact 
source (impact ball). Each noise source was presented at different ranges of noise 
levels. The study was conducted based on the following research questions and 
objectives as shown in Table 4-1. 
Table 4-1. The research questions and objectives of the present laboratory study. 
Research questions Objectives 
▪ How do people respond to floor impact 
noise psychologically and 
physiologically? 
▪ To investigate psychological responses to floor 
impact noise: noticeability and annoyance. 
▪ To investigate physiological responses to floor 
impact noise: heart rate, electrodermal activity, and 
respiration rate. 
▪ What factors have impacts on the 
responses? 
▪ To investigate the impacts of the following factors 
on the responses: 
- Noise level 
- Type of noise source (real and standard impact 
noises) 
4.2 Methods 
4.2.1 Participants 
Twenty-one Korean participants (8 males and 13 females) took part in the 
study. Age of the participants ranged from 18 to 42 (M = 29.5, SD = 6.6). Seven 
participants were married and six of them had one or more children. Of these 
participants, 13 reported that they had experienced being exposed to noise from 
their upstairs neighbours. None of the participants had hearing disabilities. 
4.2.2 Noise stimuli 
A total of six different noise sources were used to represent a majority of 
the impact noises in residential buildings in the previous study (Chapter 3). Five real 
sources were used with a standard heavyweight impact source (impact ball) adopted 
in ISO 10140-5. The real sources were classified into two groups based on their 
physical characteristics; (1) heavyweight impact sources and (2) lightweight impact 
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sources. The heavyweight impact sources included human footsteps, such as an 
adult walking barefoot, a child running, and jumping barefoot. The lightweight 
impact sources were the dropping of a toy (0.5 kg) and the scraping of a chair. 
Walking footsteps of a male adult participant with a weight of 70.1 kg and a height 
of 170.6 cm and running and jumping noises of a seven years old child with a weight 
of 24.1 kg were chosen for the footstep noises. The dropping height of the impact 
ball and the toy was 1 m. Noise recordings were conducted in a test building which 
was designed to simulate the living rooms of residential buildings in South Korea. 
Background noise level inside the test building was approximately 25 dBA. The 
floor layer of the building consisted of a 210 mm thick concrete slab, a 30 mm thick 
resilient material, a 40 mm thick lightweight concrete, and 40 mm thick mortar. All 
the rooms were furnished and wooden flooring was installed as a finishing material. 
The shape of the room was rectangular (4.5 m × 3.5 m) and the volume was around 
38 m3. The noises were recorded binaurally through a head and torso simulator 
(Brüel & Kjær Type 4128C). The head and torso simulator was positioned on 
a chair of the receiving room (downstairs) and impact noises were made at the 
centre of the source room (upstairs). Appendix 2 shows some pictures of the noise 
recording. Diotic stimuli were made using only the left channel signals of the 
binaural recordings and were then presented to the participants in the laboratory 
experiment to avoid the effects of spatial characteristics on perception (Jeon et al., 
2009a). Each stimulus was reproduced to be played at each noise level, and saved 
as a separate audio file (.wav). All sound reproduction procedures were carried out 
using audio editing software (Adobe Audition). The whole sound reproduction 
system was validated by comparing the reproduced sounds with the recorded 
sounds. The reproduced sounds were played with a loudspeaker (Fostex PM-1 
MKII) and recorded at the point of the participant’s ear using a head and torso 
simulator (Brüel & Kjær Type 4100) in an audiometric booth at Acoustics Research 
Unit, University of Liverpool. The difference between the frequency response of 
the reproduced sound and that of the recorded sound in the test building was within 
3 dB (octave band levels, 63 Hz ~ 2,000 Hz). However, there were minor 
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differences at 31.5 Hz because the frequency response of the loudspeaker was not 
flat below 50 Hz. The frequency characteristics of the stimuli are illustrated in 
Figure 4-1. All the stimuli had similar frequency characteristics with dominant 
sound pressure levels at low frequencies, especially at 63 and 125 Hz. 
 
Figure 4-1. Frequency characteristics of the noise stimuli: adult’s walking (AW), 
child’s running (CR), child’s jumping (CJ), scraping of a chair (SC), 
dropping of a toy (DT), and the impact ball (B). 
As shown in Table 4-2, LAFmax of the stimuli covered the noise levels ranging 
from 31.5 to 63 dBA in 3.5 dB intervals. The noises produced by an adult’s walking 
and a child’s running ranged from 31.5 to 45.5 dBA, and the noise of a child’s 
jumping had a variation from 38.5 to 63.0 dBA. The dropping of a toy had a quite 
minor variation from 42.0 to 49.0 dBA, and the noise level of a chair scraping varied 
from 49.0 to 63.0 dBA. Contrary to the real impact noise, the noise generated by 
the impact ball was adjusted to cover a whole range from 31.5 to 63.0 dBA.  
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Table 4-2. The range of LAFmax of the noise stimuli. 
Sources  
LAFmax [dBA] 
31.5 35.0 38.5 42.0 45.5 49.0 52.5 56.0 59.5 63.0 
Real Adult walking (AW)   
Child running (CR)   
Child jumping (CJ)   
Dropping of a toy (DT)    
Scraping of a chair (SC)   
Standard Impact ball (B)  
 
4.2.3 Experimental design 
The experiment consisted of five sessions. As outlined in Table 4-3, Sessions 
1 ~ 4 were designed to evaluate psychological and physiological responses. Session 
5 was designed to measure only annoyance ratings. In order to investigate the effect 
of noise level on the responses, the noise level of each source varied from 31.5 to 
63.0 dBA. Sessions 1 ~ 4 lasted for around 15 minutes each and each session 
included 10 or 11 noise stimuli. Sessions 1 ~ 4 had varying noise levels depending 
on the noise sources being played in the session. Sessions 1 and 4 covered the entire 
range of LAFmax from 31.5 to 63.0 dBA, whereas the maximum LAFmax of the stimuli 
presented in Sessions 2 and 3 were 52.5 and 42.0 dBA, respectively. Consequently, 
the participants were exposed to a wide range of levels in each session. LAE of 
Sessions 1 ~ 4 ranged from 38.8 to 49.7 dBA. In order to determine whether the 
type of impact source affects the responses, Sessions 1 ~ 3 included only the real 
impact noise and Session 4 contained only the standard impact noise. Annoyance 
was measured at the end of Sessions 1 ~ 4. As mentioned earlier, Session 5 was 
designed to particularly measure annoyance to each stimulus. Unlike the other 
sessions, Session 5 lasted for around seven minutes presenting all the stimuli used 
in the whole experiment, and the noise levels of the stimuli covered the whole range 
from 31.5 to 63.0 dBA. All the stimuli in Sessions 1 ~ 4 lasted for 23 seconds and 
were spaced at equal intervals of 50-second silence. For physiological measurements, 
the first and last two-minute silence periods were allocated in each session for 
resting time. The stimuli in Session 5 lasted for eight seconds as it was believed that 
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there would be no significant difference between the noise annoyance ratings of 
stimuli with different lengths (Little and Mabry, 1969; Poulsen, 1991). 
The stimuli were played in a randomised order to minimise the order effects 
(Jennings and Gianaros, 2007). In each session, the stimuli were presented via 
a loudspeaker (Fostex PM-1 MKII). Ambient noise was played throughout the 
experiment, emanating from another loudspeaker (Fostex PM-1 MKII). The 
ambient noise was equalised to have a spectrum shape of the noise criterion curve 
(NC-35) to mimic typical ventilation noise. Both loudspeakers were located in front 
of the listener at 2 m distance. A three-minute interval was given between the 
sessions not just to avoid any possible carryover effects between sessions but also 
to give the participants time to rate the annoyance of each session. 
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4.2.4 Response measurements 
Psychological responses were assessed in terms of noticeability and 
annoyance. Earlier in Chapter 2, the figure illustrating the stress responses to noise 
(Figure 2-3) described that the noise exposure is subjectively judged in the phase of 
primary appraisal once the noise is ‘noticed’. A few previous studies have examined 
noticeability of noise exposure and its relationship with acoustic factors (e.g. Fidell 
et al., 1979). As shown in Table 4-3, noticeability of noise events was evaluated in 
Sessions 1 ~ 4 and the participants were asked to press the response button when 
they heard the noise stimuli during the experiment. At the end of each of Sessions 
1 ~ 4, the participants were also asked to rate their annoyance using 11-point scales 
(0 = ‘Not at all’ to 10 = ‘Extremely’) as recommended in Fields et al. (2001) and the 
ISO/TS 15666. Annoyance caused by each noise stimulus was evaluated in Session 
5. In contrast to Sessions 1 ~ 4, the participants evaluated the noise annoyance of 
each noise stimulus using a magnitude estimation technique in Session 5 (Stevens, 
1972; Berglund et al., 1975). First, a reference noise (which was presented at 42 dBA 
in this experiment) was played to the participants at the beginning. The participants 
were then instructed to regard the annoyance level of the reference noise as 100. 
They were then asked to rate noise annoyance of each stimulus on the basis of the 
reference annoyance level. A training session was carried out to help participants 
get used to the technique. 
Three physiological responses were measured for the entire duration of each 
session: heart rate (HR), electrodermal activity (EDA), and respiration rate (RR). 
All the physiological responses were measured using the MP 150 WSW digital 
acquisition system (BIOPAC Systems), recorded and analysed via a data 
acquisition/analysis software (AcqKnowledge 4.4, BIOPAC Systems). Two 
wireless amplifiers were placed under the desk where the participants were seated. 
The amplifiers received all the physiological signals via Bluetooth transmitting 
mode. HR was derived from the raw electrocardiograph data which were measured 
using three electrodes attached to the participant’s right wrist and both ankles. 
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EDA was measured using two electrodes attached to the participant’s index and 
middle fingers of the right hand. RR was computed from the raw respiration data 
which were measured with a respiration transducer belt worn around the chest. The 
respiration transducer belt records respiration data by measuring the changes in 
thoracic circumference that occur when the participant breathes. Figure 4-2 
describes where the electrodes and the belt were attached to the participant’s body.  
 
Figure 4-2. Locations from which HR, EDA, and RR signals were recorded. 
 
4.2.5 Procedure 
Only those who provided their consent participated in the study. The 
participants took part in the experiment individually. Each participant was asked to 
avoid staying up late and not to drink any alcohol or caffeinated drinks before the 
experiment. The participant information sheet and a written consent form were 
provided to the participant upon arrival. Before obtaining the consent, the author 
explained the purpose of the study and answered the participant’s questions. The 
participant was assured of complete anonymity. Once all the electrodes were 
attached to the participant’s body, the participant was then helped to be seated 
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comfortably on a chair. A training session was first carried out in order to help the 
participant to get used to the environment and the measurement, as well as to check 
if all the measurement systems were working properly. The participant was asked 
to imagine that they were resting in their own home. Appendix 2 shows some 
pictures of the experiments. Each participant received GBP 20 gift card for the 
participation. The experiments were carried out in the audiometric booth at the 
Acoustics Research Unit. Background noise level was approximately 25 dBA. 
4.2.6 Data analysis 
Any erroneous data (e.g. data corrupted with movement-related artifacts) in 
the physiological measurements were discarded before the analysis (Schneider et al., 
2003; Jennings and Gianaros, 2007). Since there could be a delay in the onset of 
stimulus-evoked physiological activity (Friedman and Priebe, 1998), this study only 
focused on analysing the responses after the delays. Thus, the physiological 
responses were analysed for 18 seconds excluding the first five seconds immediately 
after each stimulus delivery (Graham and Clifton, 1966; Dawson et al., 2007). In 
addition, 50 seconds of silent intervals between the stimuli were designated as 
baselines. Percentage changes [%] of the physiological responses were calculated 
derived from the changes from the baseline to noise exposure (Kaiser, 1989). 
Statistical analyses were performed using SPSS for Windows (version 22). 
Bivariate (Pearson) correlations were assessed between two variables. Repeated 
measures ANOVA were tested in order to examine the effects of noise level and 
type of sources on the responses. The ANOVA is a statistical procedure that tests 
the overall fit of a linear model and tests whether group means differ to each other. 
Further, the repeated measures ANOVA is used when the independent variables 
have all been measured using the same participants in all conditions (Field, 2018). 
Wilcoxon signed-rank tests were carried out to assess the differences in the 
responses between the real and standard impact sources. Group differences were 
examined using the Mann-Whitney U tests and independent samples t-tests. p values 
of less than 5 % (p < 0.05) were considered as statistically significant. 
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4.3 Results 
4.3.1 Noticeability and annoyance 
 
Figure 4-3. Noticeability of the real and standard impact noise stimuli as 
a function of LAFmax. 
Figure 4-3 shows the noticeability as a function of LAFmax across the different 
sources. For both real and standard impact noise sources, the noticeability increased 
as the noise level increased. Correlations between noticeability and LAFmax were 
statistically significant (r = .62 for the whole stimuli; r = .61 for the real impact noise; 
r = .64 for the standard impact noise; p < 0.01 for all correlations). Around 60 % 
of the participants noticed the noises at 38.5 dBA and the noticeability reached 
100 % when the levels were equal or above 49 dBA for both the real and standard 
impact noise stimuli. Differences between the two impact sources were identified 
between 35 and 45.5 dBA and the differences gradually increased as the noise level 
increased. Statistically significant differences between the sources were found at two 
levels at 42.0 dBA (p < 0.01) and at 49 dBA (p < 0.05). The noticeability of the real 
impact noise also varied at the same levels depending on the noise source. For 
example, for noises at 38.5 dBA, the noticeability ranged from 52.4 % to 71.4 %. 
Chapter 4 
88 
 
This variation could be due to the differences in temporal and spectral 
characteristics of the noises.  
Figure 4-4(a) describes the mean magnitude estimates of noise annoyance 
for each noise stimulus obtained from Session 5 and Figure 4-4(b) describes the 
mean annoyance ratings for Sessions 1 ~ 4. It was found that annoyance increased 
as the noise level increased for both real and standard impact noises. As Figure 4-4(a) 
shows, it was also observed that standard deviations also increased along with the 
increase of noise level for both noise sources. The annoyance ratings of the standard 
impact noise were consistently higher than those of the real impact noise and the 
statistical analysis confirmed that the differences between the two sources were 
statistically significant at all levels. The correlations between the annoyance ratings 
and LAFmax were greater than 0.9 for both sources (r = .95 for the whole stimuli; 
r = .95 for the real impact noise; r = .93 for the standard impact noise; p < 0.01 for 
all correlations). The annoyance ratings of each stimulus also correlated with 
noticeability for both sources (r = .47 for the real impact noise; r = .43 for the 
standard impact noise; p < 0.01 for all correlations). As illustrated in Figure 4-4(b), 
the annoyance ratings of each session varied slightly across the sessions. The mean 
annoyance ratings of Sessions 1 ~ 4 were significantly different from each other 
(p < 0.01). Session 3 which contained the real impact noise with the smallest range 
of noise levels was rated with the lowest noise annoyance rating (M = 4.0, SD = 2.3) 
and it could be mainly due to the lowest LAE. The highest annoyance rating (M = 6.6, 
SD = 1.8) was rated to Session 4 which contained the standard impact noise. The 
annoyance rating of Session 1 with the highest LAE was slightly lower than that of 
Session 4, indicating that the standard impact noise evoked greater annoyance than 
the real impact noise. This implies that noise annoyance ratings were affected by 
the source type as well as the noise exposure level. There was a significant difference 
(p < 0.01) in noticeability between those who had the past experience of noise 
exposure (M = 77.3 %, SD = 0.42) and those who did not have any past experience 
(M = 63.1 %, SD = 0.48), whereas the differences in annoyance ratings between 
the groups were not significant. 
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Figure 4-4. (a) Annoyance for each noise stimulus as a function of LAFmax with 
error bars indicating standard deviations and (b) annoyance for 
Sessions 1 to 4 with error bars indicating standard errors. 
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4.3.2 Heart rate, electrodermal activity, and respiration rate 
 
Figure 4-5. Mean percentage changes of the physiological responses during 
Sessions 1 to 4. Error bars indicate standard errors. 
The results of the psychological assessments demonstrated that the 
participants hardly noticed the noise below 38.5 dBA and reported very low 
annoyance ratings to those stimuli. Thus, the noise stimuli at 31.5 and 35.0 dBA 
were excluded from analyses. Percentage changes in HR, EDA, and RR were 
averaged for Sessions 1 ~ 4 and the mean changes were then presented for the real 
and standard impact noise stimuli in Figure 4-5. The mean HR decreased by more 
than 1 % for both sources and the difference between the baseline and the noise 
exposure was statistically significant (p < 0.05). HR response to the standard impact 
noise decreased slightly more than that of the real impact noise but there was no 
significant difference between the sources. EDA increased significantly due to noise 
exposure (p < 0.05). The mean EDA changes were more than 2 % for the standard 
impact noise and 1 % for the real impact noise; the standard impact noise resulted 
in a higher increase than the real impact noise but the difference between the two 
types of the source was not statistically significant. Similarly, significant RR 
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increases (more than 3 % for both sources) were recorded when participants 
listened to floor impact noise (p < 0.05). The RR change of the standard impact 
noise was higher than that of the real impact noise which can be interpreted as 
meaning that the participants were more sensitive to the standard impact source; 
however, the two changes were not statistically significant. 
Table 4-4 lists the mean changes of HR, EDA, and RR as a function of 
LAFmax which are also illustrated in Figure 4-6. Source types had no significant effect 
on any of the physiological responses. However, the effects of the noise level were 
found on EDA [F (4, 87) = 4.25, p < 0.01)] and RR [F (5, 96) = 4.75, p < 0.01)]. 
The interaction between the source type and noise level had no significant impact 
on HR and EDA but influenced RR significantly [F (5, 95) = 3.72, p < 0.01)].  
Table 4-4. Percentage changes of physiological responses at each noise level for 
(a) real impact noise and (b) standard impact noise. 
 LAFmax [dBA] 
(a) Real 38.5 42.0 45.5 49.0 52.5 56.0 59.5 63.0 
HR Mdn [%] -1.47 -1.46 -0.68 -1.52 -0.86 -1.40 -0.16 -0.39 
M [%] -1.84 -1.77 -1.63 -1.77 -1.25 -1.59 -0.26 -1.04 
SD 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.03 
EDA Mdn [%] 0.13 0.04 0.10 0.20 0.34 0.24 2.77 3.85 
M [%] 0.77 1.25 1.24 0.99 2.03 1.75 2.58 4.55 
SD 0.02 0.04 0.04 0.04 0.05 0.05 0.05 0.04 
RR Mdn [%] 3.65 2.28 4.43 2.55 2.70 5.57 2.33 4.69 
M [%] 3.62 2.94 4.44 3.04 2.90 5.45 2.88 4.31 
SD 0.03 0.04 0.04 0.04 0.02 0.03 0.03 0.03 
(b) Standard         
HR Mdn [%] -2.90 -1.89 -0.41 -0.86 -1.93 -0.76 -0.91 -1.75 
M [%] -2.79 -1.90 -1.22 -1.10 -1.79 -0.95 -1.59 -1.78 
SD 0.03 0.03 0.03 0.02 0.01 0.01 0.02 0.02 
EDA Mdn [%] 0.10 0.54 -0.73 0.45 1.15 0.54 4.19 3.24 
M [%] 1.49 1.13 0.48 1.29 2.64 2.36 4.28 4.04 
SD 0.05 0.02 0.03 0.03 0.05 0.05 0.02 0.04 
RR Mdn [%] 1.71 5.37 3.89 4.97 3.28 4.05 4.22 5.57 
M [%] 1.94 5.24 4.26 4.85 3.68 4.14 4.28 5.89 
SD 0.04 0.02 0.04 0.03 0.03 0.01 0.01 0.02 
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Figure 4-6. Mean percentage changes of the physiological responses as 
a function of LAFmax. Error bars indicate standard errors. 
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Table 4-5 shows the correlation coefficients of the physiological responses 
with annoyance, noticeability, and LAFmax. EDA had significant correlations with 
annoyance and noise level when the real impact noise was presented and with 
annoyance, noticeability, and noise level when the standard impact noise was 
presented. RR also had significant correlations with annoyance, noticeability, and 
noise level when the standard impact noise was presented. However, all the 
coefficients were not very strong. Besides, there was no significant difference in HR 
and EDA between those who had past experience of floor impact noise exposure 
and those who did not. However, there was a significant difference (p < 0.01) in 
RR between those who had been exposed to the noise in the past (M = 3.7 %, 
SD = 0.04) and those who had not (M = 3.4 %, SD = 0.03).  
Table 4-5. Correlation coefficients of the physiological responses with annoyance, 
noticeability, and LAFmax for (a) real impact noise and (b) standard impact 
noise (* p < 0.05, ** p < 0.01). 
(a) Real Annoyance Noticeability LAFmax 
HR 0.06 -0.03 0.02 
EDA 0.13** 0.02 0.14** 
RR 0.01 0.04 0.05 
(b) Standard Annoyance Noticeability LAFmax 
HR 0.13 -0.12 0.03 
EDA 0.23** 0.17* 0.21** 
RR 0.17* 0.41** 0.31** 
4.4 Discussion 
4.4.1 Effects of noise level and source 
Previous studies (Fidell et al., 1979; Schomer and Wagner, 1996; Sneddon et 
al., 2003) have reported a strong relationship between the noticeability and sound 
pressure levels of outdoor noises. They have also suggested that noise annoyance 
ratings can be explained by noticeability. This study expanded the suggestions to 
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indoor noises, particularly to floor impact noise which is impulsive and intermittent. 
In this study, noticeability of floor impact noise was influenced by the noise level 
and noise annoyance ratings correlated with noticeability. It indicates that floor 
impact noise may have significant impacts on residents’ subjective judgements 
when it is noticed. Moreover, the impact ball has been suggested as a standard 
impact source which has similar physical characteristics to humans in terms of 
mechanical impedance and impact force (Jeon et al., 2006a). The subjective 
impression of the impact ball noise was similar to human-caused noise (Jeon et al., 
2009b). Based on these findings, the impact ball was introduced as a standard 
impact source in international standard to mimic human footsteps (ISO 10140-5). 
However, the findings of this study suggested that psychological responses 
(noticeability and annoyance) were significantly different between the impact ball 
noise and the real noises. Since the dropping noise of an impact ball in a regular 
interval is not familiar to the participants, the impact ball noise may have evoked 
significantly higher noticeability and annoyance. Park et al. (2016a) previously 
developed the model suggesting the relationships between noise exposure, 
annoyance, and health complaints. Among them, the relationship between 
annoyance and health complaints was validated via the survey study (Park et al., 
2016b). The physiological changes found in this study provided evidence to confirm 
the relationship. This study also showed that the annoyance ratings of the real 
impact noise correlated with EDA and the annoyance of the standard impact noise 
correlated with EDA and RR. Besides, this study revealed that noise level affected 
the mean changes in EDA and RR. This implies that noise exposure has potential 
impacts on health problems as well as annoyance. 
Lang et al. (1997) proposed a model indicating the relationship between 
physiological responses and arousal intensity. According to this model, people’s 
physiological responses to the stimuli can be classified into three stages: pre-
encounter, post-encounter, and circa-strike. Before the presentation of the stimuli, 
physiological responses such as HR and EDA are almost calm in the pre-encounter 
stage. HR decreases and EDA increases with an exposure to arousal stimuli during 
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the post-encounter stage. This stage is a freezing state which involves focused 
attention and potentiated startle. The changes in HR and EDA occur because 
people’s attention is oriented to the stimuli. Circa-strike is the final stage, which is 
an alarmed state that involves active defense and thus aims to eliminate reactions 
to secondary stimuli (Lang et al., 1997; Boucsein, 2012). While high arousal stimuli 
are presented, EDA keeps increasing, but HR changes its direction upward. 
A number of studies have confirmed the changes in HR and EDA in the 
post-encounter and circa-strike stages through laboratory experiments. Bradley and 
Lang (2000) found that 6-second arousing and unpleasant sounds led to significant 
HR deceleration. Hume and Ahtamad (2013) also reported deceleration in HR 
during the presentation of 8-second sound clips (i.e. post-encounter stage). On the 
other hand, highly arousing noise stimuli have found to evoke HR accelerations 
indicating the circa-strike stage. Gomez and Danuser (2004) used 30-second noise 
stimuli varying from 52.2 to 77.5 dBA, and Holand et al. (1999) used 0.15-second 
noise at 110 dBA to the participants. Regarding the changes in EDA, Tajadura-
Jiménez et al. (2010) reported that unpleasant and arousing sounds resulted in the 
largest EDA increases. Reinhardt et al. (2012) also reported a significant increase in 
EDA resulting from five-minute long noise exposures ranging from 78 to 93 dBA. 
In this study, HR decreased and EDA increased when the noise was presented; 
it indicates that participants were in the post-encounter stage rather than in the 
circa-strike stage. This is because the noise levels presented in this study were not 
sufficient to lead to the high arousal status or the length of noise exposure was not 
long enough. This study also revealed that RR accelerated during noise exposure. 
This result is consistent with the findings of previous studies in which experiences 
of arousal or emotions (e.g. anger and fear) led to an increase in RR response. 
Gomez and Danuser (2004) showed accelerated breathing with decreasing 
pleasantness using noises ranging from 52.2 to 76.7 dBA, and Gomez et al. (2005) 
reported an association between arousal incurred by sounds and respiratory 
responses. Hume and Ahtamad (2013) also found accelerated RR with man-made 
noise exposures. 
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There are several field and laboratory studies which have addressed the 
associations between the noise level and physiological responses. In field studies, it 
has been reported that physiological responses were influenced by the noise level. 
Stansfeld (1992) reported a positive correlation between the noise level and EDA. 
Zahr and de Traversay (1994) reported significant respiratory changes in infants 
when the noise level was reduced by wearing earmuffs. Regecová and Kellerová 
(1995) also found that children living in areas with high levels of traffic noise 
(> 60 dBA) showed lower HR than those in quiet areas. Moreover, Babisch et al. 
(2013) identified significant relationships between transportation noise levels and 
hypertension. However, a recent laboratory study (Hume and Ahtamad, 2013) came 
to the opposite conclusion. The sound pressure levels of 8-second stimuli did not 
correlate with physiological responses (heart rate, respiration rate, and forehead 
electromyography). This study revealed that the noise level had impacts on EDA 
and RR, whereas the relationship between HR and the noise level was not 
significant. The inconsistency between the field and laboratory studies may be due 
to the different durations of noise exposure. Contrary to the field studies dealing 
with long-term noise exposure (Zahr and de Traversay, 1994; Regecová and 
Kellerová, 1995; Babisch et al., 2013), Hume and Ahtamad (2013) and this study 
used shorter stimuli. As Rice (1996) addressed, social surveys can study long-term 
noise exposure but it may involve combined noises, whereas laboratory studies can 
only deal with short-duration noise exposures but can isolate or control the noises. 
4.4.2 General discussion 
There are some recommendations for future research when it comes to the 
investigation of psychological and physiological responses to floor impact noise. 
First, as discussed in the previous section, different changes in HR have been found 
in different studies. As most of the laboratory experiments have used short noise 
stimuli (< 30 seconds), further investigation using longer stimuli would be helpful 
for understanding long-term changes in physiological responses. Second, individual 
noise sensitivity has long been known as a stable personality trait which has 
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a significant influence on the prevalence of noise annoyance (Job, 1988; Öhrström 
et al., 1988; Ellermeier et al., 2001; Kang, 2006). In particular, Öhrström et al. (1988) 
stated that noise annoyance is affected not just by general neurophysiological 
sensitivity but also self-reported noise sensitivity. Future studies could focus on 
potential physiological indices that can represent individual noise sensitivity ratings. 
Third, the loudspeakers could be located above the participants to simulate the 
noise from the upper floor and a subwoofer could be used to reproduce 
low-frequency sounds below 50 Hz. 
4.5 Summary 
This study investigated participants’ psychological responses (noticeability 
and annoyance) and physiological responses (HR, EDA, and RR) to floor impact 
noise produced by both real and standard sources. The findings showed that 
noticeability increased with as the noise level increased and the standard impact 
noise led to higher noticeability than the real impact noise. Noise annoyance ratings 
also increased as the noise level increased. The annoyance ratings of the standard 
impact noise were also greater than the real impact noise. The deceleration in HR, 
increases in EDA and RR were found during the noise exposure, implying that 
noise exposure influenced the arousal status of the participants. The physiological 
responses were not affected by the type of noise source, whereas the noise level 
affected EDA and RR. In addition, noticeability and annoyance correlated with 
EDA and RR when the standard impact noise was presented. Annoyance also 
correlated with EDA when the real impact noise was presented. The correlations 
were statistically significant but not very strong. Future research is required to 
further understand the effects of long-term noise exposure and participants’ 
personal factors such as noise sensitivity. Table 4-6 summarises the major findings 
of this study with the research questions of the study.  
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Table 4-6. The research questions and the findings of this study. 
Research questions Findings 
▪ How do people respond to 
floor impact noise 
psychologically and 
physiologically? 
▪ Psychological responses 
- Noticeability and annoyance (increase) 
▪ Physiological responses 
- Heart rate (deceleration) 
- Electrodermal activity (increase) 
- Respiration rate (acceleration) 
 Potential adverse health effects 
▪ What factors have impacts on 
the responses? 
▪ Noise level had impacts on noticeability and annoyance. 
▪ Noise level had no impact found on heart rate but had 
impacts on electrodermal activity and respiration rate. 
▪ The standard impact noise evoked higher noticeability and 
annoyance than the real impact noise did. 
▪ The physiological responses were not significantly affected 
by the difference between the real and standard impact 
noises. 
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5 Effects of noise sensitivity on 
psychological and physiological 
responses to floor impact noise: 
A laboratory study* 
5.1 Introduction 
In the previous study (Chapter 4), it was discussed that further investigation 
into the effects of longer noise stimuli and noise sensitivity is needed. This study 
assessed the effect of noise sensitivity on psychological and physiological responses 
to floor impact noise stimuli which lasted longer than those in the previous study. 
Noises generated by a standard impact source (impact ball) and two real impact 
sources (an adult's walking and a child's running) were used as the floor impact 
noise stimuli and one road traffic noise stimulus was used in order to compare the 
responses to indoor and outdoor noises. A total of 34 participants took part in the 
study and they were grouped into low and high noise-sensitivity groups. The noise 
stimuli were presented for 5 minutes each. Annoyance, heart rate, electrodermal 
activity, and respiratory rate were measured throughout the experiment. The study 
 
* This chapter has been partly published in a peer-reviewed journal and a conference proceeding. 
The papers can be found in Appendix 7. 
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was conducted based on the following research questions and objectives as shown 
in Table 5-1. 
Table 5-1. The research questions and objectives of the present laboratory study. 
Research questions Objectives 
▪ How do people respond to floor impact noise 
psychologically and physiologically? 
▪ To investigate annoyance response to floor 
impact noise. 
▪ To investigate physiological responses to 
floor impact noise: heart rate, electrodermal 
activity, and respiration rate. 
▪ What factors have impacts on the responses? ▪ To investigate the impacts of the following 
factors on the responses: 
- Noise level 
- Type of noise source (real and standard 
impact noises, and road traffic noise) 
- Duration of the noise exposure 
- Self-reported noise sensitivity 
- Attitude towards neighbours 
5.2 Methods 
5.2.1 Participants 
A screening survey was first conducted online with potential participants. 
The survey link was emailed to those who showed their interest in participating in 
the experiment. They were asked to answer several questions about their 
demographic characteristics, previous experience of being exposed to floor impact 
noise, and self-reported noise sensitivity. Noise sensitivity was evaluated using the 
21 questions developed by Weinstein (1978) using 6-point scales (1 = ‘Strongly agree’ 
to 6 = ‘Strongly disagree’). Attitude towards their upstairs neighbours was assessed 
using six questions listed in Table 5-2. The attitude questions were asked with 
5-point scale (1 = ‘Strongly agree’ to 5 = ‘Strongly disagree’).  
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Table 5-2. Question items to measure attitudes to neighbours. 
Korean version: original 
“윗집 이웃에 대해 어떻게 느끼고 계신가요?” 
1 윗집 이웃은 좋은 사람들이다. 
2 윗집 사람들이 내 이웃이라는 사실에 만족한다. 
3 윗집 이웃과 나는 서로 공감할 수 있는 부분이 많다. 
4 나는 윗집 이웃의 상황을 잘 알고 있고, 이해하고 있다. 
5 나는 윗집 이웃을 보면 반갑게 인사한다. 
6 윗집 이웃은 우리를 위해 최대한 소음을 내지 않으려고 노력한다. 
English version: translated 
“How do you feel about your upstairs neighbours?” 
1 They are good people. 
2 I am happy to be their neighbour. 
3 We understand each other in many things. 
4 I know and understand their situation very well. 
5 We greet each other with a friendly hello. 
6 They try not to make as much noise as possible for us. 
 
This study aimed to recruit at least 26 participants in order to obtain 80 % 
power with α = .05; it was estimated based on the data of the previous study in 
Chapter 4 (Faul et al., 2007; Faul et al., 2009). A total of 34 participants were chosen 
based on their responses to the screening survey. None of the participants had 
hearing disabilities. From the whole respondents to the screening survey, those who 
had experienced the floor impact noise exposure were first included. Then, those 
with low or high noise sensitivity were invited to participate in the study. The low 
noise-sensitivity group’s median noise sensitivity score was 61 and that of the high 
noise-sensitivity group was 99. As listed in Table 5-3, the same number of 
participants were recruited for both noise-sensitivity groups. They included 13 
males and 21 females aged between 30 and 48 (M = 38.8, SD = 5.3). Half of them 
were in their 30s and the other half in their 40s. Thirteen participants were either 
not married or married but had no children and the others reported that they had 
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one or more children. It was found that 14 participants had positive attitudes to 
their upstairs neighbours, whereas other 20 participants had negative attitudes to 
their upstairs neighbours. Attitude scores were not significantly different between 
the low and high noise-sensitivity groups. Length of residency in their current 
houses was three years on average. Eighteen participants had lived in their current 
residence for less than three years and the rest had lived in their residences for more 
than three years. Besides, 12 participants had mad noise complaints (e.g. making 
complaints directly to their neighbours, through management offices, through 
police, etc.) regarding the noise from their upstairs neighbours. 
Table 5-3. Information of the participants (N = 34). 
 Number  % 
Gender Male 13 38.2 
Female 21 61.8 
Age 30s 17 50.0 
40s 17 50.0 
Noise sensitivity Low 17 50.0 
High 17 50.0 
Child(ren) at home Yes 21 61.8 
No 13 38.2 
Attitude to upstairs neighbours Positive 14 41.2 
Negative 20 58.8 
Length of residency Less than 3 years 18 52.9 
More than 3 years 16 47.1 
Experience of making noise complaints Yes 12 35.3 
No 22 64.7 
 
5.2.2 Noise stimuli 
In this study, both floor impact noise and road traffic noise were used as 
noise stimuli. Floor impact noise was generated by real human footsteps (‘Real’) 
and a standard impact source, impact ball (‘Standard’). The floor impact noise was 
recorded in the test building where the previous study conducted the recordings 
(Chapter 4). The test building was designed to simulate the living rooms of 
residential buildings in South Korea. Background noise level inside the test building 
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was approximately 25 dBA. The floor layer of the building consisted of a 210 mm 
thick concrete slab, a 30 mm thick resilient material, a 40 mm thick lightweight 
concrete, and 40 mm thick mortar. All the rooms were furnished and wooden 
flooring was installed as a finishing material. The shape of the room was rectangular 
(4.5 m × 3.5 m) and the volume was around 38 m3. An adult walking barefoot and 
a child running barefoot were chosen as the real noise stimuli sources as these noises 
were the dominant noises in multi-family residential buildings in the previous study 
(Chapter 3). An impact ball noise (ISO 10140-5) was recorded as the standard 
impact noise stimuli. All the floor impact noises were generated in the source room 
upstairs and the noises were recorded binaurally using a head and torso simulator 
(Brüel & Kjær Type 4128C) positioned on a sofa in the receiving room downstairs. 
Road traffic noise (‘Traffic’) was recorded in the suburb of Liverpool, UK. 
Appendix 3 displays a map of the location where the recording was carried out. 
A microphone (Behringer ECM8000) connected to a digital recorder (ZOOM 
H4n) was positioned 2 m away from the road and 1.5 m above the ground. The 
width of the road was 11 m (≒ 35 feet) with two lanes and the average vehicle speed 
was below 60 km per hour (≒ 37 mph). The traffic flow was fluctuating due to 
a roundabout located around 160 m (≒ 0.1 miles) away. Using the recordings, all 
the noise stimuli were edited to last for 5 minutes. For the floor impact noise, only 
signals in the right channel were extracted from the binaural recordings in order to 
avoid any possible effects of spatial characteristics on perception (Jeon et al., 2009a). 
Each stimulus was reproduced to be played at each noise level, and saved as a 
separate audio file (.wav). All sound reproduction procedures were carried out using 
audio editing software (Adobe Audition). LAFmax of the floor impact noise stimuli 
were fixed at 40, 50, and 60 dBA. The road traffic noise was set to be played at 40 
and 60 dBA (LAeq). Temporal features of the noise stimuli are listed in Table 5-4 in 
terms of LAeq, LAFmax, and LAE.   
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Table 5-4. LAFmax, LAeq, and LAE of the noise stimuli. 
Stimuli source Label LAFmax [dBA] LAeq [dBA] LAE [dBA] 
Real R40 40.0 30.1 54.9 
R50 50.0 38.9 63.7 
R60 60.0 48.9 73.7 
Standard S40 40.0 29.3 54.1 
S50 50.0 37.8 62.6 
S60 60.0 47.6 72.4 
Traffic T40 48.8 40.0 64.8 
T60 68.8 60.0 84.8 
 
The noise of the impact ball was recorded at regular intervals between the 
impacts; it was edited to replicate the footstep noise as Figure 5-1(b) shows. For the 
road traffic noise, spectral filtering was applied to simulate the outdoor-to-indoor 
noise attenuation using the condition of a closed window (Vos, 2003). Of different 
simulated closed windows proposed by Vos (2003), the attenuation with a median 
degree of isolation was adopted in this study as in Lee et al. (2010). Figure 5-2(a) 
illustrates the frequency characteristics of the two floor impact noises at 60 dBA 
(LAFmax) and Figure 5-2(b) describes those of the road traffic noise at 60 dBA 
(LAeq,5-minute). Compared with the road traffic noise, the two floor impact noises had 
their dominant sound pressure levels at low frequencies below 125 Hz. 
 
Figure 5-1. Waveforms of the (a) real and (b) standard impact noise stimuli. 
(a) R60: Real at 60 dBA (LAFmax) 
 
 
(b) S60: Standard at 60 dBA (LAFmax) 
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Figure 5-2. Frequency characteristics of the noise stimuli: (a) the floor impact 
noise stimuli and (b) the road traffic noise stimuli. 
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5.2.3 Experimental design 
Eight stimuli were presented to each participant with randomised order of 
noise levels and sources to minimise the order effects (Jennings and Gianaros, 2007). 
Time for rating noise annoyance was given after each stimulus presentation. The 
sounds above 63 Hz were reproduced using a loudspeaker (Genelec 8050A) and 
the low-frequency sounds below 63 Hz were presented using a subwoofer 
(Velodyne MicroVee). A low-pass filter with a cut-off frequency of 63 Hz in the 
octave band was applied to the noises reproduced by the subwoofer. The 
loudspeaker was positioned above the participant and the subwoofer was placed on 
the floor in front of the participant in 2 m distance. An additional loudspeaker 
(Genelec 8050A) was used for playing ambient noise at 31 dBA (LAeq,1-hour) and it 
was positioned in front of the participant in 2 m distance. 
5.2.4 Response measurements 
After each noise exposure for five minutes, the participant was asked to rate 
their annoyance using an 11-point scale (0 = ‘Not at all’ to 10 = ‘Extremely’) as 
recommended in Fields et al. (2001) and the ISO/TS 15666. Three physiological 
responses were measured for the entire duration of each session: heart rate (HR), 
electrodermal activity (EDA), and respiration rate (RR). All the physiological 
responses were measured using the MP 150 WSW digital acquisition system 
(BIOPAC Systems), recorded and analysed via a data acquisition/analysis software 
(AcqKnowledge 4.4, BIOPAC Systems). Two wireless amplifiers were placed 
outside the room where the participant was located (Appendix 3). The amplifiers 
received all the physiological signals via Bluetooth transmitting mode. HR was 
derived from the raw electrocardiograph data which were measured using three 
electrodes attached to the participant’s right wrist and both ankles. EDA was 
measured using two electrodes attached to the participant’s index and middle 
fingers of the right hand. RR was computed from the raw respiration data which 
were measured with a respiration transducer belt worn around the chest. The 
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respiration transducer belt records respiration data by measuring the changes in 
thoracic circumference that occur when the participant breathes.  
5.2.5 Procedure 
Only those who provided their consent participated in the study. The 
participants took part in the experiment individually. Each participant was asked to 
avoid staying up late and not to drink any alcohol or caffeinated drinks before the 
experiment. The participant information sheet and a written consent form were 
provided to the participant upon arrival. Before obtaining the consent, the author 
explained the purpose of the study and answered the participant’s questions. The 
participant was assured of complete anonymity. Once all the electrodes were 
attached to the participant’s body, the participant was then helped to be seated 
comfortably on a chair. A training session was first carried out in order to help the 
participant to get used to the environment and the measurement, as well as to check 
if all the measurement systems were working properly. The participant was asked 
to imagine that they were resting in their own home. The room temperature and 
humidity were kept constant throughout the experiment to avoid any effects on the 
physiological responses (Boucsein, 2012). Each participant received KRW 30,000 
(approximately GBP 20) gift card for the participation. The laboratory experiment 
was conducted in an audiometric booth with a low background noise level (below 
25 dBA) in the Fire Insurers Laboratories of Korea. The floor area was about 
35.7 m2 (4.8 m × 7.43 m) and it simulated the area of a living room in most common 
apartments of South Korea. The shape of the room was rectangular with a volume 
of 93.8 m3 (4.8 m × 7.43 m × 2.63 m). 
5.2.6 Data analysis 
Any erroneous data in the physiological measurements were discarded 
before the analysis (Schneider et al., 2003; Jennings and Gianaros, 2007). Percentage 
changes [%] of the physiological responses were calculated derived from the 
changes from the baseline to noise exposure (Kaiser, 1989). 
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Six time-blocks of physiological data were analysed in order to study 
whether the physiological responses varied over the noise exposure for five minutes. 
Figure 5-3 displays a simple illustration of how the physiological responses were 
computed for 30 seconds, 1 minute, 2 minutes, 3 minutes, 4 minutes, and 5 minutes 
from the beginning of the noise exposure. 
Statistical analyses were performed using SPSS for Windows (version 22). 
Bivariate (Pearson) correlations were assessed between two variables. The repeated 
measures ANOVA were tested in order to examine the effects of noise level, type 
of sources, and duration of the noise exposure on the responses. Wilcoxon signed-
rank tests were carried out to assess the differences in the responses between the 
real and standard impact sources. Group differences were examined using the 
Mann-Whitney U tests and independent samples t-tests. p values of less than 5 % 
(p < 0.05) were considered as statistically significant. 
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5.3 Results 
5.3.1 Annoyance 
Figure 5-4 shows annoyance ratings for different noise stimuli as functions 
of LAFmax. It was found that noise annoyance ratings of all noise sources increased 
as the noise level increased. Correlation coefficients between annoyance ratings and 
noise level were 0.75 and 0.78 for the real and standard impact noises, respectively 
(p < 0.01). The effect of the noise level on annoyance was significant [F (1, 
40) = 77.20, p < 0.01]. It was observed that the noise source had a significant effect 
on annoyance [F (1, 33) = 20.18, p < 0.01]. Annoyance ratings for the real impact 
noise were significantly higher than the ratings for the standard impact noise at 40 
and 60 dBA. Annoyance rating for T40 was close to those for R50 and S50; 
annoyance rating for T60 was significantly higher than those for other stimuli. 
 
Figure 5-4. Annoyance for the noise stimuli as a function of LAFmax. Error bars 
indicate standard errors. 
In order to investigate the effect of noise sensitivity on noise annoyance, 
noise annoyance ratings of the low and high noise-sensitivity groups were compared. 
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As described in Figure 5-5, the high noise-sensitivity group reported higher 
annoyance ratings than the low noise-sensitivity group when the floor impact noise 
stimuli were presented. The differences between the two groups increased as the 
noise level increased and significant differences were found at 50 and 60 dBA. 
A similar tendency was shown for the road traffic noise, with a significant difference 
between the groups at 60 dBA. For the low noise-sensitivity group, correlations 
between annoyance ratings and noise level were statistically significant (r = .71, 
p < 0.01 for the real impact noise and r = .73, p < 0.01 for the standard impact 
noise). Noise level had a significant impact on annoyance [F (1, 21) = 19.40, 
p < 0.01] and noise source also had a significant effect on annoyance [F (1, 
16) = 11.51, p < 0.01]. Similarly, for the high noise-sensitivity group, the correlation 
between annoyance and the noise level was also significant and bigger than that of 
the low noise-sensitivity group (r = .88, p < 0.01 for the real impact noise and 
r = .93, p < 0.01 for the standard impact noise). Annoyance was significantly 
affected by noise level [F (1, 22) = 165.31, p < 0.01] and noise source [F 
(1, 16) = 8.34, p < 0.05]. 
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Figure 5-5. Annoyance compared between the low and high noise-sensitivity 
groups as a function of LAFmax: (a) Real, (b) Standard, and (c) Traffic. 
Error bars indicate standard errors.  
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5.3.2 Heart rate, electrodermal activity, and respiration rate 
In order to investigate how the physiological responses changed over time, 
mean changes of HR, EDA, and RR were calculated for different durations of noise 
exposure ranging from thirty seconds to five minutes. As described in Figure 5-6, 
mean changes in HR slightly increased for five minutes for both low and high 
noise-sensitivity groups. EDA and RR showed more pronounced dependencies on 
the duration than HR. It was shown that EDA and RR initially increased and then 
rapidly decreased as time passed. For instance, for the road traffic noise, the low 
noise-sensitivity group presented large variations in EDA from around 2 % to -5 %. 
Both noise-sensitivity groups showed similar tendencies over time but the changes 
of the high noise-sensitivity group were greater than those of the low 
noise-sensitivity group. As listed in Table 5-5, the mean changes of HR, EDA, and 
RR were significantly affected by the duration of noise exposure. RR showed 
a significant difference between the groups for all the noise sources. For the low 
noise-sensitivity group, the mean changes of RR recovered fairly quickly and even 
showed negative values after one minute, whereas those of the high noise-sensitivity 
group still remained positive after five minutes; it may imply that five minutes might 
not be sufficient for sensitive people to fully recover. Similar tendencies in the 
physiological responses were found when both floor impact noise and road traffic 
noise stimuli were heard. However, Figure 5-6 describes that the floor impact noise 
stimuli evoked a clearer difference between the low and high noise-sensitivity 
groups in general. 
It is notable that the decreases in EDA and RR were most significant 
between 30 and 60 seconds. It implies that the initial changes of the physiological 
responses (HR deceleration, EDA increase, and RR acceleration observed for the 
first 30 seconds) represent the arousal status suggested in Lang et al. (1997) and the 
physiological responses start to recover after 30 seconds. The previous study also 
revealed that the 23-second long stimuli evoked responses (Chapter 4). Therefore, 
in this study, only the mean changes for 30 seconds were used for the detailed 
analyses.  
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Figure 5-6. Mean percentage changes of the physiological responses over 
different durations of noise exposure compared between the low and 
high noise-sensitivity groups. 
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Table 5-5. Results of the repeated measures ANOVA showing the effects of the 
duration of noise exposure on HR, EDA, and RR (* p < 0.01). 
 Real Standard Traffic 
 df F df F df F 
HR Duration 4 17.49* 4 9.43* 4 12.26* 
 error 127  130  126  
EDA Duration 2 20.74* 2 26.91* 3 22.08* 
 error 61  80  99  
RR Duration 3 26.49* 3 29.06* 3 22.46* 
 error 93  99  91  
 
The changes in HR, EDA, and RR for 30 seconds were averaged across the 
noise sources and are plotted in Figure 5-7. HR decreased when the noise was 
played for 30 seconds, whereas EDA and RR increased. Differences between 
baselines and noise exposures were statistically significant for all the noise sources 
and all the physiological measures (p < 0.01). Responses of the high 
noise-sensitivity group were consistently greater than those of the low 
noise-sensitivity group across all noise sources and all the physiological measures. 
The two noise-sensitivity groups’ HR were significantly different when the standard 
impact noise and road traffic noise were heard. EDA were significantly different 
when the standard impact noise was heard. RR were not significantly different for 
all noise sources. There was no significant difference between the two noise-
sensitivity groups when the real impact noise was presented. 
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Figure 5-7. Mean percentage changes of the physiological responses for 
30 seconds compared between the low and high noise-sensitivity 
groups (* p < 0.05, ** p < 0.01). Error bars indicate standard errors. 
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Figures 5-8, 5-9, and 5-10 illustrate the mean changes of HR, EDA, and RR 
at different noise levels, respectively. The decrease in HR of the high 
noise-sensitivity group was greater than that of the low noise-sensitivity group at all 
levels and for all noise sources. However, there was no clear trend in HR changes 
as the noise level increased. There were some significant differences between the 
two noise-sensitivity groups when the stimuli were presented above 50 dBA. The 
high noise-sensitivity group showed greater EDA than the low noise-sensitivity 
group at all levels and for all noise sources but not many significant differences 
between the two noise-sensitivity groups were found. RR showed no clear tendency 
with the increasing noise level and there were significant differences between the 
two noise-sensitivity groups when stimuli were played at 40 dBA. Additionally, 
demographic characteristics (age and gender) and attitude towards neighbours did 
not have any impact on the responses. 
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5.4 Discussion 
5.4.1 Effects of noise sensitivity 
Previous studies have mainly focused on the effects of noise sensitivity on 
annoyance ratings for outdoor noises such as transportation noise (Belojević et al., 
1992; Stansfeld et al., 1993; van Kamp et al., 2004; Fyhri and Klæboe, 2009). This 
study extended the existing research by assessing indoor building noise (floor 
impact noise), as well as outdoor noise (road traffic noise). The findings from the 
study revealed that noise sensitivity significantly increased noise annoyance ratings 
of both indoor and outdoor noises. These results are consistent with the findings 
in previous research where noise sensitivity was a crucial factor affecting annoyance 
for the various outdoor environmental noises (Job, 1988; Öhrström et al., 1988; 
Belojević et al., 1992; Fields, 1993; Stansfeld et al., 1993; Miedema and Vos, 1999; 
van Kamp et al., 2004). Furthermore, the findings of this study confirmed that noise 
sensitivity influences annoyance for indoor noise by extending an earlier study on 
the impacts of noise sensitivity on annoyance ratings for airborne and bathroom 
drainage noises (Ryu and Jeon, 2011). 
In the previous chapter (Chapter 4), the model that was comprised of 
pre-encounter, post-encounter, and circa-strike stages were introduced to discuss 
the physiological responses (Lang et al., 1997). To sum up the model, the 
post-encounter stage involves freezing responses due to the focused attention and 
potentiated startle and the circa-strike stage involves alarmed responses as an active 
defense which aims to eliminate reactions to the future stimuli. This study also 
showed that the physiological responses were different between the low and high 
noise-sensitivity groups. In particular, the physiological responses of the high noise-
sensitive group were greater than those of the low noise-sensitivity group. It implied 
that the participants with the higher noise sensitivity had greater experiences of 
post-encounter and circa strike stages (Lang et al., 1997) because they paid more 
attention to the stimuli than those with the lower noise sensitivity. 
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In previous studies, noise-sensitive participants showed higher EDA and 
HR (Stansfeld, 1992) and cardiovascular mortality significantly increased among 
noise-sensitive women (Heinonen-Guzejev et al., 2007). This study also found 
different physiological responses between low and high noise-sensitivity groups. 
However, the findings of this study were partially in disagreement with Stansfeld 
(1992) because this study discovered the noise-sensitive participants consistently 
presented lower HR than participants with low noise sensitivity. This disagreement 
can be explained by different noise levels at which the noise stimuli were played. 
In this study, noise levels varied between 40 and 60 dBA, whereas Stansfeld (1992) 
used the stimuli at higher noise levels between 75 to 100 dBA. This implies that the 
noise-sensitive participants in this study paid more attention to the stimuli than low 
noise-sensitivity group in the post-encounter stage (Lang et al., 1997), whereas the 
noise-sensitive participants in Stansfeld (1992) were in the circa-strike stage due to 
the greater noise levels, representing bigger alarmed response than low 
noise-sensitivity group.  
5.4.2 Effects of noise level and source 
The findings of this study are in agreement with previous studies reporting 
that noise annoyance is significantly affected by sound pressure levels (Schultz, 1978; 
Miedema, 2004; Jakovljević et al., 2009). This result is also in good agreement with 
the previous work (Chapter 4), where the annoyance caused by floor impact noise 
increased with the noise level. Contrary to the noise annoyance, this study found 
that the physiological responses were not affected by the noise level for different 
noise sources. However, the previous work (Chapter 4) reported that EDA and RR 
changes were related to the noise level. The disagreement may be attributed to the 
different experimental settings of the two studies. The previous experiment 
employed a wider range of noise levels (from 31.5 to 63 dBA) than the current study. 
It was more likely to investigate the relationship between the varying noise levels 
and physiological responses in the previous study. In contrast, this study tested only 
three noise levels (40, 50, and 60 dBA) with the main concerns on assessing the 
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effects of longer duration and noise sensitivity, so the impact of the noise level on 
the physiological responses could not be confirmed due to the limited data. 
It has been known that different airborne sound sources also have different 
psychoacoustic characteristics (e.g. Neubauer and Kang, 2014). Likewise, different 
impact noise sources were found to evoke different psychological responses in the 
previous experiment (Chapter 4). In particular, annoyance was significantly higher 
when the standard impact noise was presented in Chapter 4 whereas the real impact 
noise evoked significantly higher annoyance in this study. It might be due to the 
difference of how the impact ball noise was presented. In the previous study 
(Chapter 4), the impact ball noises consisted of ten single impulsive noises played 
at regular intervals with significantly different waveforms from the real impact 
noises. On the other hand, this study edited the impact ball noise to replicate the 
waveform of the real impact noise of human footsteps. Given that annoyance was 
still different between the real and standard impact sources in this study, this result 
implies that human hearing and perception (i.e. subjective annoyance rating) are 
more sensitive than physiological responses to the differences between the impact 
ball and real impact noises.  
5.4.3 General discussion 
Several studies have reported that attitudinal factors affect noise annoyance 
(Job, 1988; Miedema and Vos, 1999; Kroesen et al., 2008; van Kamp et al., 2016a). 
However, this was not the case in this study. It can be seen that the questions used 
in this study to measure the attitude of the participants to their neighbours might 
have not been chosen in the best way. Contrary to most of the environmental noise 
studies in which the attitudes towards the noise sources (e.g. wind turbines and 
aircraft) can be measured with questions such as perceived financial benefits from 
the source (Miedema and Vos, 1999; Kroesen et al., 2008; Pedersen et al., 2009), 
it was more complicated to assess the attitudes towards the neighbours who would 
be the major noise source. Thus, this study asked the participants to answer six 
questions about how they thought about their upstairs neighbours. Given that noise 
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annoyance is closely linked with negative emotions (Guski, 1999), future research 
may examine residents’ emotions evoked by the neighbours and their noises. 
It would yield further insight into understanding attitudinal variables in the 
experience of neighbour noise exposure. 
Confirming the findings from the previous laboratory experiment 
(Chapter 4), this study found HR deceleration, EDA increase, and RR acceleration 
at the beginning of the noise exposure. The HR deceleration and EDA increase 
indicated that the participants were in the post-encounter stage which accompanies 
with the freezing responses such as focused attention and potentiated startle (Lang 
et al., 1997). Moreover, the HR acceleration and the continuous increase in EDA 
as time went by indicated that the participants were in the circa-strike stage (Lang 
et al., 1997). The HR acceleration can be interpreted as the phase in which the 
participants experienced stronger arousal. However, the HR acceleration can also 
be seen as the habituation or recovery phase occurred after a certain degree of 
deceleration (Watson et al., 1972). Habituation is defined as a decrease in the 
strength of the response after repeated presentation of the same stimulus (Groves 
and Thompson, 1970). During the experimental sessions, the stimulus presentation 
lasted for five minutes. Therefore, there is a possibility that the responses evoked 
by the same stimulus could induce habituation or recovery. Similar tendencies were 
discovered in the EDA and RR changes, indicating there were strong habituations 
over time (Watson et al., 1972; Jackson, 1974). The EDA and RR increased by the 
initial stimulus exposure and then sharply decreased after 30 seconds. Most changes 
in the EDA and RR over time stabilised in the region between one minute and five 
minutes. These results clearly indicated that the participants experienced arousal at 
the beginning due to the noise exposure, but their responses started to show 
habituation after a certain period of time. Previous studies have also reported that 
the initial arousal responses changed and recovered over time. Brosschot and 
Thayer (2003) measured HR together with the emotional arousal for eight times 
with one-hour intervals. They found HR recovery and that the negative emotions 
delayed HR recovery. Further, Gerin et al. (2006) measured HR and blood pressure 
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simultaneously with performing anger-recall tasks. They also reported that blood 
pressure recovered and it took longer to recover when the participants ruminated 
about their past events which involved anger. From the findings of Brosschot and 
Thayer (2003) and Gerin et al. (2006), it can be assumed that emotional responses 
would have substantial impacts on physiological responses. Future research would 
be of worth to assess emotional responses evoked by floor impact noise in order to 
understand human response to this noise issue more broadly. 
5.5 Summary 
This study investigated psychological and physiological responses 
(annoyance, HR, EDA, and RR) to floor impact noise and road traffic noise for the 
low and high noise-sensitivity groups. It was found that the annoyance ratings 
increased with the increasing noise level. The high noise-sensitivity group reported 
significantly greater annoyance ratings than the low noise-sensitivity group for all 
the sources. The physiological responses to noise stimuli were calculated for 
different durations of noise exposure from ranging 30 seconds to 5 minutes. There 
were HR deceleration, EDA increase, and RR acceleration for the first 30 seconds 
of the noise exposure. The high noise-sensitivity group showed more pronounced 
changes in the physiological responses than the low noise-sensitivity group. 
EDA and RR initially increased and then rapidly decreased after 30 seconds, 
indicating strong habituation over time. The differences in the physiological 
responses between the two noise-sensitivity groups were clearer when the floor 
impact noise stimuli were heard compared with the road traffic noise presentation. 
Noise source and noise level did not have statistical impacts on the physiological 
responses. Demographic factors and attitude towards neighbours did not affect the 
responses. Further study is needed to examine residents’ emotional experience in 
noise exposure in order to understand the responses to this very noise issue more 
in-depth. Table 5-6 presents the summary of the major findings of this study with 
the research questions of the study.  
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Table 5-6. The research questions and the findings of this study. 
Research questions Findings 
▪ How do people respond to 
floor impact noise 
psychologically and 
physiologically? 
▪ Psychological responses 
- Annoyance (increase) 
▪ Physiological responses 
- Heart rate (deceleration) 
- Electrodermal activity (increase) 
- Respiration rate (acceleration) 
 Potential adverse health effects 
▪ What factors have impacts on 
the responses? 
▪ Noise level increased annoyance but had no impact on the 
physiological responses. The contrast finding from the 
previous chapter could be due to the range of noise levels 
(10 different noise levels vs. 3 different noise levels). 
▪ The physiological responses recovered as time went by 
(noise length). 
▪ Greater responses were found from the participants with 
higher noise sensitivity. 
▪ Real impact noise vs. Standard impact noise 
- The real impact noise evoked higher annoyance than the 
standard impact noise did. The contrast finding from the 
previous chapter could be due to the length of the stimuli 
(23 seconds vs. 5 minutes) or the standard impact noise 
was presented simulating the real footstep noise this time. 
- The physiological responses were not significantly affected 
by the difference between the real and standard impact 
noises. 
▪ Floor impact noise vs. Road traffic noise 
- Clearer difference between the noise-sensitivity groups was 
found when the floor impact noise stimuli were heard 
compared with the road traffic noise stimuli exposure. 
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6 Emotions evoked by floor impact noise: 
Survey and laboratory studies* 
6.1 Introduction 
Annoyance has been known to closely link to various negative emotions. In 
addition, physiological parameters have been adopted to examine emotional states. 
Previous studies (Chapters 4 and 5) have found that the exposure to floor impact 
noise evokes annoyance and physiological responses. It has been discussed that the 
evaluation of emotional response to floor impact noise would expand the existing 
understanding of human response to the noise. This study investigated different 
emotions evoked by floor impact noise exposure by focusing on lexicons (i.e. the 
vocabulary of a person or language). First, Korean emotion lexicons were collected 
from narratives of residents living in multi-family housing buildings. The lexicons 
were then classified into clusters based on the data collected from two questionnaire 
surveys (N = 133 and 89). Four emotion clusters were classified which mainly 
covered emotions related to anger, dislike, pain, and empathy. The emotions were 
assessed along with annoyance in a laboratory setting. Participants (N = 41) were 
exposed to the real floor impact noise stimuli at different noise levels and asked to 
 
* This chapter has been partly published in a peer-reviewed journal and a conference proceeding. 
The papers can be found in Appendix 7. 
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rate each of the emotion lexicons and annoyance. The study was conducted based 
on the following research questions and objectives as shown in Table 6-1. 
Table 6-1. The research questions and objectives of the present survey and 
laboratory studies. 
Research questions Objectives 
▪ How do people respond to floor impact noise 
psychologically and physiologically? 
▪ To investigate psychological responses to 
floor impact noise: annoyance and emotions. 
▪ What factors have impacts on the responses? ▪ To investigate the impacts of the following 
factors on the responses: 
- Noise level 
- Self-reported noise sensitivity 
- Attitude towards neighbours 
6.2 Emotion classification: Survey studies 
6.2.1 Lexicon collection 
Korean emotion lexicons were collected from narratives of residents living 
in multi-family housing in South Korea. First, interview transcripts from a previous 
study (Park et al., 2016a) were used to collect emotion lexicons regarding footstep 
noise. The interviews were carried out with 14 residents living in multi-family 
housing whose ages ranged from 21 to 55. Length of residency in their houses 
ranged from 10 months to 15 years (Park et al., 2016a). The interviewees’ 
expressions regarding their neighbours’ footstep noise were collected from the 
transcripts. The expressions included ‘bothered’, ‘painful’, and ‘tolerable’. The 
second source for the lexicon collection was online communities. As listed in Table 
6-2, posts on 18 different online communities were used as the source. Nine online 
communities concerned general topics (e.g. food, sports, and children) so the 
members of these communities were not restricted to residents of multi-family 
housing. On the other hand, the other nine communities concerned topics 
specifically related to the life in multi-family housing so the use of them was limited 
to residents living in multi-family housing.  
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Table 6-2. Online communities from which the emotion lexicons were collected. 
Community 
topic No. 
Launched date of 
the community 
Number of 
community membersa 
Number of 
collected posts 
General 1 2004.02.26 3,002,761 754 
2 2003.07.11 2,639,542 1,452 
3 2007.03.03 193,842 893 
4 2009.12.31 162,714 230 
5 2006.03.30 126,532 64 
6 2006.08.26 23,813 197 
7 2012.11.19 12,197 41 
8 2004.02.22 5,425 34 
9 2012.10.02 3,339 12 
For residents in 
multi-family 
housing 
10 2005.10.14 20,371 3,867 
11 2010.06.15 4,430 765 
12 2012.10.25 3,816 691 
13 2014.05.12 2,282 192 
14 2011.07.01 1,758 245 
15 2016.07.11 829 96 
16 2014.06.14 645 68 
17 2011.01.11 511 129 
18 2011.12.28 150 34 
a Date of the number counting: 28/12/2017 
 
Lexicons about footstep noise were collected by using the keywords listed 
in Table 6-3. The two words ‘noise’ and ‘sound’ were used as the main keywords, 
and seven sub-keywords (e.g. ‘floor’ and ‘neighbour’) were used to search relevant 
posts. Online posts containing a combination of one main keyword and at least one 
sub-keyword were retrieved. Posts on other types of neighbour noise (e.g. piano 
sounds, voice, chair scraping noise, etc.) were then filtered out. All collected 
lexicons were screened based on the published research on Korean emotion 
lexicons (Ahn et al., 1993; Hahn and Kang, 2000; Park and Min, 2005; Sohn et al., 
2012). From this process, a total of 120 lexicons expressing emotions towards 
neighbours’ footstep noise were extracted. 
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Table 6-3. Keywords which were used for searching the online postings. 
Category Keywords (English) Keywords (Korean) [pronunciation] 
Main keyword noise 소음 [so-eum] 
sound 소리 [so-ri] 
Sub-keyword floor 바닥 [ba-dak] 
between floors/inter-floor 층간 [cheung-gan] 
neighbour 이웃 [i-ut] 
upstairs 윗집 [wit-jib] 
foot, footsteps 발 [bal] 
running, jumping 뛰는 [ttwi-neun] 
walking 걷는 [geod-neun] 
 
6.2.2 Lexicon sampling and clustering 
The 120 lexicons collected from the interview transcripts and online 
communities were used in the surveys (Surveys I and II). The lexicons were sampled 
in Survey I and clustered in Survey II. Both surveys were conducted on an online 
survey platform (QuestionPro). The study complied with all terms of service for 
the website. The survey invitation was posted on public online communities. 
Potential respondents were then contacted by email and asked to complete the 
online questionnaire via an embedded link. The email invitations clearly stated the 
following details of the study: (1) the aim of this study is to explore emotions 
towards indoor noise, (2) respondents should have normal-hearing and be residents 
of multi-family housing, and (3) respondents need to use headphones as they will 
be presented with sounds in the survey. These instructions were again displayed on 
the first page of each survey, along with a consent form. Only those who provided 
their consent by clicking “I agree” on the first screen were directed to the 
questionnaire. Appendix 4 displays some sample pictures of the surveys. 
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6.2.2.1 Noise stimuli 
Footsteps made by a child and an adult were played in the surveys. This 
noise clip was from one of the previous laboratory experiments described in 
Chapter 5. The original recording was 10-second long with dominant sound 
energies at low-frequencies below 125 Hz. The noise was continuously played while 
the respondents were giving their responses to the survey. 
 
6.2.2.2 Lexicon sampling: Survey I 
Survey I listed the 120 lexicons in a randomised order to minimise the order 
effects (Jennings and Gianaros, 2007). The respondents were asked to listen to the 
noise carefully and to choose lexicons that represented their emotions towards the 
noise stimuli as many as they wanted. The noise stimulus was played continuously 
until the respondents completed the questionnaire. A total of 133 respondents 
(53 males and 80 females) volunteered to take part in the survey. A total of sixty the 
most chosen lexicons were used in the subsequent survey. 
 
6.2.2.3 Lexicon clustering: Survey II 
Sixty lexicons chosen from the prior survey (Survey I) were listed to the 
respondents in Survey II. The lexicons were listed in a randomised order to 
minimise the order effects (Jennings and Gianaros, 2007). The respondents were 
asked to carefully listen to the noise and to rate how much each lexicon was 
appropriate for expressing their emotions towards the noise stimulus, using 
a 5-point scale (1 = ‘Not at all’ and 5 = ‘Extremely’). As listed in Table 6-4, a total of 
89 respondents (43 males and 46 females) took part in the survey.  
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Table 6-4. Information about the respondents in Survey II (N = 89). 
  Number  % 
Age group 20s 4 4.5  
30s 10 11.2  
40s 49 55.1  
50s 21 23.6  
60s or over 5 5.6 
Gender Male 43 48.3  
Female 46 51.7 
 
The cluster analysis method was adopted to classify the lexicons based on 
the respondents’ ratings. The hierarchical clustering analysis was performed using 
SPSS for Windows (version 22). This analysis method groups similar objects into 
clusters by automatically computes a distance matrix. It continues merging the two 
most similar clusters until all the clusters are merged together. Earlier, Shaver et al. 
(1987) also presented the structure of emotion by presenting the hierarchical 
structure of emotion concepts and by specifying prototypes of the emotion 
categories. Based on the results, the 60 lexicons were classified into four clusters 
(E1, E2, E3, and E4). Emotion lexicons in E1 were mainly related to ‘ANGER’ 
(e.g. angry, vengeful), those in E2 mostly expressed ‘DISLIKE’ (e.g. unpleasant, 
bothered), those in E3 mainly expressed ‘PAIN’ (e.g. painful, distressing), and 
emotion lexicons expressing ‘EMPATHY’ were grouped in E4 (e.g. bearable, 
indifferent). As presented in Table 6-5, E1 had the most lexicons, with 21 lexicons. 
This may imply that the exposure to footstep noise predominantly led to emotions 
related to anger. As listed in Table 6-6, the top 20 lexicons were chosen based on 
the mean scores and they were used in the subsequent laboratory study. There were 
five, six, four, and five lexicons in E1, E2, E3, and E4, respectively. 
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Table 6-5. Sixty lexicons grouped in four clusters. 
Emotion 
cluster 
Number of 
lexicons 
Emotion 
Prototype Sample lexicons 
E1 21 ANGER get angry, get enraged, detestable, resent, fury, vengeful 
E2 10 DISLIKE awkward, bothered, irritated, unpleasant, unwelcome 
E3 16 PAIN my head is throbbing, feeling sick, painful, suffering, tired 
E4 13 EMPATHY bearable, just being patient, no reason to get irritated, tolerable 
 
Table 6-6. Twenty lexicons used in the laboratory study. 
Emotion cluster Mdn M SD Lexicon Lexicon (Korean) 
E1 
4 3.4 1.3 unhappy 불만스럽다 
3 3.2 1.3 detestable 괘씸하다 
4 3.2 1.3 can’t understand 이해가 안된다 
3 3.0 1.4 get enraged 열 받는다 
3 2.9 1.3 ridiculous 기가 막힌다 
E2 
4 3.7 1.2 bothered 신경쓰인다 
4 3.6 1.3 unwelcome 달갑지 않다 
4 3.5 1.3 dislike 싫다 
4 3.4 1.3 get on my nerves 예민해진다 
4 3.4 1.3 awkward 거북하다 
3 3.3 1.3 vexed 신경질난다 
E3 
3 3.3 1.4 suffering 괴롭다 
4 3.2 1.3 tired 피곤하다 
4 3.2 1.3 my head is throbbing 머리가 지끈거린다 
3 3.0 1.4 painful 고통스럽다 
E4 
3 2.9 1.3 bearable 견딜 만하다 
3 2.9 1.2 just being patient 그냥 참는다 
3 2.9 1.3 tolerable 참을 만하다 
3 2.8 1.4 no reason for discomfort 불편한 정도는 아니다 
2 2.8 1.4 think of it as usual 그러려니 한다 
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6.3 Emotion evaluation: A laboratory study 
6.3.1 Methods 
6.3.1.1 Participants 
This study aimed to recruit at least 35 participants in order to obtain 80 % 
power with α = .05; it was estimated based on the data of the previous laboratory 
studies in Chapters 4 and 5 (Faul et al., 2007; Faul et al., 2009). A total of 41 Korean 
participants (22 males and 19 females) took part in the study. None of the 
participants had hearing disabilities. Before the experiment, each participant was 
asked to answer several questions about their demographic information, self-
reported noise sensitivity, and attitude towards their upstairs neighbours. Noise 
sensitivity was evaluated using 21 questions (Weinstein, 1978). Attitude towards 
neighbours was measured using six questions used in the previous study (Chapter 
5). As listed in Table 6-7, the majority of the participants were in their 30s and 40s. 
Twenty of them had one or more children. More than half of them reported that 
they had lived in their current dwelling for less than five years. In order to observe 
a clear difference between the low and high noise-sensitivity groups, participants 
with moderate noise sensitivity levels were excluded from the noise-sensitivity 
grouping. First, participants’ noise sensitivity scores were divided into five groups 
using 20th, 40th, 60th, and 80th percentiles from the mean score distributions as 
cut-off points. Second, the middle range between the 40th and 60th percentiles was 
excluded. Thus, the low and high noise-sensitivity groups included individuals with 
scores lower than the 40th percentile and scores higher than the 60th percentile, 
respectively. The mean noise sensitivity score of the low group was 79.6 (SD = 6.3), 
and that of the high group was 102.1 (SD = 6.4). The low and high noise-sensitivity 
groups had 15 and 16 participants, respectively. Similarly, positive and negative 
attitude groups were also divided by excluding the middle range between the 40th 
and 60th percentiles. Those whose attitude scores were lower than 16 were included 
in the negative attitude group and those who reported attitude scores higher than 
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18 were included in the positive attitude group. The mean attitude score of the 
positive group was 23.4 (SD = 3.6), and that of the negative group was 13.6 
(SD = 1.6). The positive and negative attitude groups contained 15 and 16 
participants, respectively. 
Table 6-7. Information about the participants of the laboratory study (N = 41). 
  Number  % 
Age group 20s 5 12.2 
30s 13 31.7 
40s 20 48.8 
50s 3 7.3 
Gender Male 22 53.7 
Female 19 46.3 
Child(ren) at home Yes 20 48.8 
No 21 51.2 
Length of residency [year] < 1 7 17.1 
1 ~ 3 12 29.3 
3 ~ 5 13 31.7 
5 ~ 10 1 2.4 
10 ~ 15 8 19.8 
 
6.3.1.2 Noise stimuli 
The same noise stimulus (footstep noise) used in the online surveys (Surveys 
I and II) was used in the laboratory experiment. The noise levels of the stimulus 
were edited in terms of LAFmax, to cover a range from 30 to 60 dBA with 5 dB 
intervals; thus, seven noise stimuli were created. The duration of the stimuli was set 
to 80 seconds. The 10-second long noise clips were edited to be repeated for 
80 seconds. 
6.3.1.3 Experimental design 
The sounds above 63 Hz were reproduced using a loudspeaker (Genelec 
8050A) and the low-frequency sounds below 63 Hz were presented using 
Chapter 6 
136 
 
a subwoofer (Velodyne MicroVee). A low-pass filter with a cut-off frequency of 
63 Hz in the octave band was applied to the noises reproduced by the subwoofer. 
The loudspeaker was placed in front of the participant in 2 m distance, mounted at 
1.2 m above the floor. The subwoofer was placed on the floor in front of the 
participant in 2 m distance. An additional loudspeaker (Genelec 8050A) was used 
for playing ambient noise at 31 dBA (LAeq,1-hour) and it was positioned in front of the 
participant in 2 m distance. 
 
6.3.1.4 Response measurements 
The participants were asked to rate 20 emotion lexicons on 7-point scales 
(0 = ‘Not at all’ and 6 = ‘Extremely’) according to the following instruction: ‘Please 
rate how much each lexicon is appropriate for expressing your emotions perceived 
by the noise you are currently hearing’. Participants were also asked to rate the noise 
annoyance. Participants were provided with the instruction ‘Please rate noise 
annoyance perceived by the noise you are currently hearing’. Participants used 
a 7-point scale (0 = ‘Not at all’ and 6 = ‘Extremely’) to indicate their level of 
annoyance. The ratings of emotions and noise annoyance were then translated into 
a scale from 0 to 100 for assessments of the percentage of high emotion rating 
(%HE) and percentage of highly annoyed (%HA). Both measures were defined as 
the percentages of emotion and annoyance responses which exceeded a certain 
cut-off point. Based on the earlier suggestion made by Schultz (1978) who used 
a cut-off of 72 in his synthesis to define %HA, the same cut-off point was chosen 
in this study for both %HE and %HA. 
6.3.1.5 Procedure 
Only those who provided their consent participated in the study. The 
participants took part in the experiment individually. The participant information 
sheet and a written consent form were provided to the participant upon arrival. 
Before obtaining the consent, the author explained the purpose of the study and 
answered the participants’ questions. The participant was assured of complete 
anonymity. Each participant was guided to sit on a sofa in the middle of the room 
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in a comfortable position and responded to the questionnaires on emotion and 
annoyance ratings while the noise stimuli were played for 80 seconds each. All the 
stimuli and lexicons listed on the questionnaires were presented in a randomised 
order to minimise the order effects (Jennings and Gianaros, 2007). A training 
session was first carried out in order to help the participant to get used to the 
environment and the measurement. Each participant received KRW 10,000 
(approximately GBP 7) gift card for the participation. The laboratory experiment 
was conducted in an audiometric booth with a low background noise level (below 
25 dBA) in the Fire Insurers Laboratories of Korea. The floor area was about 
35.7 m2 (4.8 m × 7.43 m) and it simulated the area of a living room in most common 
apartments of South Korea. The shape of the room was rectangular with a volume 
of 93.8 m3 (4.8 m × 7.43 m × 2.63 m). 
6.3.1.6 Data analysis 
Statistical analyses were performed using SPSS for Windows (version 22). 
Bivariate (Pearson) correlations were assessed between two variables. The repeated 
measures ANOVA were tested in order to examine the effects of the noise level. 
Group differences were examined using the Mann-Whitney U tests and 
independent samples t-tests. p values of less than 5 % (p < 0.05) were considered as 
statistically significant. 
6.3.2 Results 
It was found that the noise level had significant effects on all emotion and 
annoyance ratings (Table 6-8). Figure 6-1 illustrates that the high noise-sensitivity 
group reported greater emotion ratings for E1, E2, and E3 than the low 
noise-sensitivity group. The differences between the two groups increased as the 
noise level increased. E4 showed opposite tendencies. The noise-sensitive 
participants gave lower E4 ratings than the less sensitive participants. The emotion 
ratings for the high noise-sensitivity group were significantly different from those 
for the low noise-sensitivity groups at all noise levels.  
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Table 6-8. Results of the repeated measures ANOVA showing the effects of noise 
level on emotion and annoyance ratings (* p < 0.01). 
Measurement Source df F 
E1 Noise level 6 147.41* 
 error 120 
 
E2 Noise level 4 115.44* 
 error 73 
 
E3 Noise level 6 134.87* 
 error 120 
 
E4 Noise level 3 133.01* 
 error 58 
 
Annoyance Noise level 6 272.56* 
 error 120 
 
 
 
Figure 6-1. Emotions compared between the low and high noise-sensitivity 
groups as a function of LAFmax. Error bars indicate standard errors. 
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Figure 6-2 shows that the negative attitude group reported greater emotion 
ratings for E1, E2, and E3 than the positive attitude group. The negative attitude 
group gave lower E4 ratings than the positive attitude group. The differences 
between the attitude groups were significant at some levels. For the E1 ratings, 
significant differences were found at 30, 35, 40, 45, and 50 dBA (p < 0.05). The 
ratings of E2 were significantly different between the attitude groups when the 
stimuli were presented at 45 and 60 dBA. For the E3 ratings, there were statistical 
significances at 30, 35, 40, 55, and 60 dBA. There was a significant difference 
between the attitude groups when they rated E4 at 30 dBA. 
 
 
Figure 6-2. Emotions compared between the positive and negative attitude 
groups as a function of LAFmax. Error bars indicate standard errors. 
Figure 6-3 shows that the high noise-sensitivity group responded greater 
annoyance ratings than the low noise-sensitivity group. The annoyance ratings for 
the high noise-sensitivity group were significantly different from those for the low 
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noise-sensitivity groups at all noise levels. Figure 6-4 illustrates that the negative 
attitude group reported greater annoyance ratings than the positive attitude group. 
Unlike the differences between the noise-sensitivity groups, there was no statistical 
significance between the attitude groups when annoyance ratings were measured. 
 
Figure 6-3. Annoyance compared between the low and high noise-sensitivity 
groups as a function of LAFmax. Error bars indicate standard errors. 
 
 
Figure 6-4. Annoyance compared between the positive and negative attitude 
groups as a function of LAFmax. Error bars indicate standard errors. 
Correlations of the emotion and annoyance ratings with the noise level and 
annoyance are presented in Table 6-9. The table also lists the correlations tested 
with all participant responses, with the noise-sensitivity groups and attitude groups. 
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level. All emotions showed significant correlations with annoyance. E4 was the only 
variable which had negative correlations with the noise level and annoyance, and it 
had lower coefficients than the other variables. 
Table 6-9. Correlations of emotions (E1 ~ E4) and noise annoyance with (a) noise 
level and (b) annoyance. Coefficients are shown from the data of all 
participants, noise-sensitivity groups and attitude groups (* p < 0.05, 
** p < 0.01). 
(a)  n E1 E2 E3 E4 Annoyance 
All participants (N = 41)  .628** .701** .638** -.370** .769** 
Noise-sensitivity 
group 
Low 15 .640** .738** .639** -.257** .800** 
High 16 .668** .737** .704** -.432** .769** 
Attitude group Positive 15 .515** .593** .515** -.169* .696** 
Negative 16 .720** .804** .743** -.364** .855** 
(b)  n E1 E2 E3 E4 Annoyance 
All participants (N = 41)  .871** .884** .892** -.660** 1 
Noise-sensitivity 
group 
Low 15 .867** .871** .810** -.459** 1 
High 16 .812** .845** .779** -.562** 1 
Attitude group Positive 15 .828** .880** .815** -.448** 1 
Negative 16 .884** .885** .841** -.442** 1 
 
Figures 6-5 displays the relationships between the ratings of emotions 
(E1 ~ E4) and noise annoyance for the low and high noise-sensitivity groups. 
Further, Figures 6-6 presents the relationships between the ratings of emotions 
(E1 ~ E4) and noise annoyance for the positive and negative attitude groups. The 
E1 ~ E3 clusters contained negative emotions so they had positive correlations 
with noise annoyance, whereas the relationship between E4 and noise annoyance 
was negative. The figures describe that the participants with high noise sensitivity 
or negative attitude reported higher annoyance and negative emotions (E1 ~ E3). 
For example, the ratings of E1 for the high noise-sensitivity group ranged from 
1.1 to 5.1, whereas those for the low noise-sensitivity group ranged from 0.5 to 4.0. 
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Figure 6-5. Relationships between noise annoyance and emotions compared 
between the low and high noise-sensitivity groups. 
 
 
Figure 6-6. Relationships between noise annoyance and emotions compared 
between the positive and negative attitude groups. 
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Figure 6-7 illustrates the percentages of high emotion ratings 
(%HE1 ~ %HE4) as a function noise level, compared between the noise-sensitivity 
groups. For the high noise-sensitivity group, the percentage of highly rated E1 
(%HE1) started to increase above 30 dBA, and it reached 100 % at 45 dBA. 
However, the low noise-sensitivity group’s %HE1 remained at 0 % until 55 dBA. 
This indicates that participants who were sensitive to noise chose rating scores 
above the cut-off point (5 or 6 on a 7-point numerical scale), even at the low noise 
level such as 35 dBA. However, no one in the low noise-sensitivity group selected 
5 or 6 even at 55 dBA. Similar tendencies were found in the E2, E3, and E4, 
showing huge differences between the noise-sensitivity groups. For example, when 
LAFmax was at 50 dBA, the %HE2 and %HE3 were 100 % for the high 
noise-sensitivity group, whereas they were 0 % for the low noise-sensitivity group. 
 
Figure 6-7. Percentage of high emotion ratings (%HE1 ~ %HE4) compared 
between the low and high noise-sensitivity groups as a function of 
LAFmax. 
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Figure 6-8 illustrates the percentages of high emotion ratings 
(%HE1 ~ %HE4) as a function noise level, compared between the attitude groups. 
For the negative attitude group, %HE1 started to increase from 30 dBA, and it 
reached 90 % at 60 dBA. Likewise, those of high emotion ratings (%HE2 
and %HE3) reported by the negative group reached above 90 % at 60 dBA. 
However, for the positive attitude group, the percentages of high emotion ratings 
for the negative emotions (%HE1 ~ %HE3) started to increase from 35 dBA and 
reached 60 % or 70 % at 60 dBA. Although the negative attitude group showed 
lower %HE4 than the positive group’s ratings, there was no notable difference 
between the attitude groups. 
 
Figure 6-8. Percentage of high emotion ratings (%HE1 ~ %HE4) compared 
between the positive and negative attitude groups as a function of 
LAFmax. 
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Figure 6-9 describes the percentages of highly annoyed (%HA) as a function 
noise level, compared between the noise-sensitivity groups. For the high 
noise-sensitivity group, the percentage of those who were highly annoyed (%HA) 
increased sharply in the region between 40 and 45 dBA, and it then reached 100 % 
at 50 dBA. In contrast, the %HA of the low noise-sensitivity group remained at 
0 % until 45 dB, and it increased slowly above 50 dBA. Figure 6-10 presents %HA 
as a function noise level, compared between the attitude groups. Similar to the 
emotion ratings, the difference between the attitude groups was not as clear as that 
of the noise-sensitivity groups. Although the difference was not as huge, the 
negative attitude group still showed the higher %HA than the positive attitude 
group. It was found that %HA of both attitude groups started to increase from 
35 dBA. The negative attitude group’s %HA reached 100 % when the stimuli were 
played at 60 dBA while that of the positive attitude group reached 90 % at the same 
level. 
 
Figure 6-9. Percentage of highly annoyed (%HA) compared between the low 
and high noise-sensitivity groups as a function of LAFmax. 
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Figure 6-10. Percentage of highly annoyed (%HA) compared between the 
positive and negative attitude groups as a function of LAFmax. 
6.4 Discussion 
6.4.1 The emotion clusters 
As described by Roseman et al. (1990), emotion is caused by the way in 
which a person interprets a situation (i.e. appraisals). For instance, people feel pain 
or fear if they believe that they will not be able to resolve the negative situation 
satisfactorily (Harmon-Jones and Harmon-Jones, 2016). The four emotion clusters 
evoked by the floor impact noise may also have had such associations with 
appraisals. The first cluster, E1, which contained the largest number of lexicons, 
was related to anger and hostility mainly towards the noise source (i.e. upstairs 
neighbours). Anger is caused by a blocked goal (Lewis, 1993), which may cause the 
perception of the absence of a reward or the presence of a punishment (Roseman, 
1991). Goal refers to an outcome that is personally significant (Lazarus, 1991; 
Scherer, 2001). If the noise of neighbours’ footsteps has frequently disturbed 
residents’ significant activities (i.e. goals) such as sleeping and studying (Park et al., 
2016a), these experiences would lead to anger-related emotions. Anger is also linked 
with a specific appraisal of other-blame which is a belief that the unpleasant 
situation was wrongly caused by someone or something (Lazarus, 1991). The 
appraisal of other-blame contains a belief that the person causing the event acted 
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in an improper or unfair manner (Shaver et al., 1987; Roseman, 1991). Thus, 
residents who appraise the noise event as their upstairs neighbours’ fault or 
carelessness would be likely to perceive anger-related emotions towards their 
neighbours. Furthermore, residents may perceive anger-related emotions towards 
their neighbours if they believe the neighbours do not act appropriately or as 
expected (e.g. not apologising for being noisy or keep making noise). Noise-related 
crime among neighbours (Park, 2015a) could also be explained in relation to anger 
because this emotion motivates attack behaviours (Harmon-Jones and Harmon-
Jones, 2016). 
The lexicons in the E2 cluster were related to the emotions of dislike and 
irritation, mostly towards the situation of noise exposure. Most lexicons in this 
cluster were closely related to the E1 cluster on anger. For instance, Shaver et al. 
(1987) classified the lexicon ‘irritation’ under the prototype of ‘anger’. However, 
this study discovered two differences between E1 and E2. First, the lexicons in E1 
expressed emotions mainly towards neighbours, whereas those in E2 tended to 
target the situation of noise exposure. Second, the lexicons in E1 and E2 had 
different levels of arousal according to the structure of emotion which have been 
described on a circular model comprising two appraisal dimensions of arousal and 
valence (Russell, 1980; Watson and Tellegen, 1985; Larsen and Diener, 1992). 
According to the dimensional models, the lexicons in E1 and E2 had different levels 
of arousal. Lexicons in E1 contained relatively high arousal, whereas those in E2 
had lower arousal. In this study, E2 also presented greater correlations with 
annoyance ratings than the other clusters. It is possibly due to the semantic 
similarity between the lexicon ‘annoyance’ and the lexicons in E2 such as ‘bothered’ 
or ‘irritated’. Guski et al. (1999) previously studied the concept of noise annoyance 
in different languages and listed ten expressions which were rated similarly to 
‘annoyance’. Most of them overlapped with the lexicons in E2 such as ‘get on my 
nerves’, ‘irritated’, and ‘vexed’. 
The third cluster (E3) mainly contained lexicons expressing physical and 
emotional pains. Shaver et al. (1987) explored various lexicons expressing general 
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emotions and grouped them into six prototype groups such as ‘anger’ and ‘sadness’. 
In particular, ‘sadness’ included a subgroup expressing pain such as ‘suffering’ and 
‘hurt’. On the other hand, pain was one of the main emotion clusters in this study. 
The emotion lexicons expressing sadness were initially included in the 120 collected 
lexicons, but they were not chosen often by the respondents in Survey I. 
Consequently, those lexicons were not included in the 60 lexicons which were used 
in Survey II. It implies that the exposure to neighbours’ footstep noise may not 
elicit the emotion of sadness to a considerable extent. In contrast to the emotions 
in E1 and E2 which were found to target the noise source or the situation of noise 
exposure, the lexicons in E3 expressed the physical and emotional pain perceived 
by the respondents. For example, the lexicon ‘vengeful’ (E1) was directed towards 
the upstairs neighbours who made the noise, and the lexicon ‘unpleasant’ (E2) was 
directed towards the situation that the respondent was exposed to the noise. On 
the other hand, ‘feeling sick’ (E3) was an expression that described what the 
respondent felt or perceive inwardly. These findings are in line with the results of 
a previous study suggesting that neighbour noise evokes outwardly directed 
aggression and inward reactions such as tension and feelings of pressure 
(Grimwood, 1993). Given that many lexicons in E3 described physical pain (e.g. my 
head is throbbing, feeling sick, tired), this finding added further evidence to 
a previous finding that floor impact noise increases health complaints (Park et al., 
2016a; Park et al., 2016b). 
The fourth cluster (E4) contained lexicons describing empathy. Those 
expressions were narrated by residents who understood the situation of the noise 
event or their neighbours’ circumstances of making noise, or by those who did not 
care much about the noise exposure. According to Wispé (1986), empathy is a way 
of knowing, which is an attempt to understanding the subjective experiences of 
another person without prejudice. Empathy also covers the states of indifference 
or mere knowing and understanding (Darwall, 1998; Keen, 2006). Empathy has 
been suggested to weaken the response of annoyance and vigilance coping strategies 
(Park et al., 2016a). Thus, respondents who tended to report higher ratings on the 
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empathy-related lexicons might have also reported relatively lower annoyance 
ratings. Moreover, it is unlikely for them to choose vigilance coping strategies, as it 
may lead to conflicts with their neighbours (Park et al., 2016a). This is in agreement 
with the suggestion made by Zaki and Ochsner (2016). They suggested that 
individuals often want to approach empathy when it facilitates important social 
goals, such as relationship formation and maintenance. Here in this study, the 
relationship between neighbours can be considered as a variable that has a strong 
influence on empathy. It was previously proposed that the relationship with one’s 
neighbours is an intervening condition that influences one’s perception of noise 
events (Park et al., 2016a). It can be assumed that residents who have positive 
relationships with their neighbours may say ‘there is no reason to get angry’ (E4) 
regarding their neighbour noise. In such situations, empathy develops with the 
influence of a positive relationship with one’s neighbours. However, some 
intervening conditions may also decrease people’s empathy when it is painful or 
costly (Zaki and Ochsner, 2016). 
Several studies have conducted questionnaire surveys and laboratory 
experiments to evaluate noise annoyance. These methods have been widely used to 
evaluate the adverse effect of noise on both individuals and communities (Guski, 
1999; Guski et al., 1999; Stansfeld et al., 2000). However, in the case of neighbour 
noise, it is appropriate to measure emotions because neighbour noise is likely to 
result in neighbour disputes including violence (Stokoe and Hepburn, 2005; Park, 
2015a; Park et al., 2016a) and also annoyance cannot adequately explain or predict 
potential disputes or relational problems between neighbours. Therefore, the 
measurement of emotions expressed towards the neighbour (E1) and the situation 
of noise exposure (E2) would be of use to predict their coping strategies in future 
research. If future research needs to choose only parts of the four emotion clusters 
to conduct more prompt measurements, this study would suggest choosing E1 and 
E4 for the following reasons. First, given that emotion measurements aim to predict 
respondents’ internal perceptions and future coping strategies, anger needs to be 
measured, particularly in the case of noise issues between neighbours because it is 
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an emotion which may develop into violent behaviours (Harmon-Jones and 
Harmon-Jones, 2016). Second, empathy needs to be assessed to predict future 
coping strategies as empathy leads individuals to build or maintain positive 
relationships with others (Zaki and Ochsner, 2016). In particular, this study 
presented that empathy had the weakest correlation with annoyance. Since the 
measurement of annoyance cannot predict empathy, it needs to be assessed to yield 
an extended insight into respondents’ perception and to predict their future coping 
strategies. Third, emotions related to dislike (E2) can be excluded because it is 
strongly correlated with annoyance and most of the lexicons in E2 were suggested 
to be semantically similar to annoyance (Guski et al., 1999). Fourth, the lexicons in 
E3 described pain, but as discussed earlier, some of them rather referred to health 
complaints. 
6.4.2 Effects of noise sensitivity and attitude towards neighbours 
As noted in the section above, intervening conditions cannot be overlooked 
when it comes to considering emotions. Intervening conditions influence the 
procedure of appraisal which evokes emotions (Roseman et al., 1990). This study 
tested two intervening conditions which were introduced in the previous study 
(Park et al., 2016a): noise sensitivity and attitude towards neighbours. Guski (1999) 
also emphasised that noise sensitivity, personal evaluations of the source, coping 
capacity, general attitude, history of noise exposure, and residents’ expectations 
have important impacts on noise annoyance. First, this study found notably 
different trends between the noise-sensitivity groups supporting previous findings. 
Ryu and Jeon (2011) highlighted a significant impact of noise sensitivity on the 
annoyance evoked by indoor residential noises. The previous experiment (Chapter 
5) also addressed significant differences in the floor impact noise annoyance 
between the low and high noise-sensitive participants. Similarly, this study revealed 
significant differences between the noise-sensitivity groups, which implied that the 
higher noise sensitivity would influence individuals’ appraisals to perceive higher 
anger, dislike, and pain, whereas low noise sensitivity may lead to a more empathetic 
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appraisal of the event. Second, this study also showed that attitudes towards 
neighbours had an influential role in the emotion-evoking and annoyance-evoking 
appraisals. This study found that the participants with positive attitudes towards 
their upstairs neighbours provided lower negative emotion ratings (E1 ~ E3), lower 
annoyance ratings, and higher empathy (E4). This result was in line with the 
findings of Pedersen and Persson Waye (2007), who revealed that negative attitudes 
towards wind turbines influenced the wind turbine noise annoyance. Since the 
results showed the impacts of the attitude not as clear as those of the noise 
sensitivity, further examination is recommended to assess one’s attitude towards 
his/her neighbours. 
6.4.3 General discussion 
Namba et al. (1991) previously used lexicons in their study to measure the 
impressions of sound stimuli. In particular, they collected a pool of Japanese 
adjectives from a preliminary experiment, but details about the experimental 
procedure (e.g. level of the stimuli) and main findings (e.g. the number of adjectives) 
of the preliminary study were not explained. In this study, the appropriate lexicons 
were collected carefully from two sources: interview transcripts from a previous 
study (Park et al., 2016a) and a number of posts on online communities. The 
interview transcripts were chosen as one of the sources because the interviews were 
conducted using grounded theory methods. Utilising the grounded theory methods, 
the interviews were conducted until the author was confident that no more new 
findings could be obtained so that theoretical saturation was attained (Corbin and 
Strauss, 2008). Therefore, it was assumed that the interview transcripts included 
most of the possible aspects of footstep noise and residents’ emotional expressions 
towards the noise. This study also collected a number of online posts from 18 online 
communities. From the posts, only lexicons expressing emotions evoked by 
footstep noise were gathered. Therefore, it can be said that the collected lexicons 
represented the narratives of residents adequately, particularly regarding the 
footstep noise of neighbours. 
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During the two online surveys, the respondents were asked to listen carefully 
to the noise via headphones. It was not possible to control the quality of sound 
reproduction, noise level, and background noise level. In particular, most 
headphones are limited to reproducing low-frequencies below 50 Hz. Thus, these 
practical constraints might have influenced the survey respondents’ responses. 
However, all participants had experienced being exposed to footstep noise from 
their upstairs neighbours. So they were expected to rate the lexicons based on not 
only the presented noise stimuli but also their previous experiences of noise 
exposure. The sound reproduction system using the loudspeaker and subwoofer in 
the laboratory setting was considered to be useful to fill the gap in the findings of 
people’s emotions because the low-frequency components could be presented in 
the experiments. 
Based on the findings in this study, the following recommendations for 
future research are made. First, it would be useful to explore the emotions evoked 
by different types of noise. For instance, neighbour noise comprises several other 
noise sources. Emotions evoked by other types of floor impact noise (e.g. a chair 
or furniture scraping) or airborne noise (e.g. voice or conversations of neighbours) 
can also be examined to identify any influences of different noise sources. 
Moreover, it can be assumed that different floor materials, shoe types, and body 
sizes would cause different footstep noises (Turchet et al., 2016). Thus, the use of 
different footstep noise stimuli may yield noteworthy insights. Furthermore, the 
concept of total annoyance can be utilised in future neighbour noise studies. It is 
known that the annoyance response to a single noise source and the total annoyance 
evoked by combined noises are different to each other (Öhrström et al., 2007; Jeon 
et al., 2010a). Likewise, it can be assumed that the annoyance and emotional 
responses evoked by combined floor impact noises or neighbour noise would be 
different from those evoked by different single sources (e.g. footsteps, dropping of 
objects). For example, a general floor impact noise (i.e. combined) may elicit higher 
anger and annoyance than exposure to footstep noise alone or the opposite result 
may be found. Second, there are several emotion lexicons in different languages and 
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they contain different nuances of emotions. The investigation into cultural 
differences in emotion will also provide further evidence (Watson et al., 1984; 
Grossmann et al., 2012). Given that neighbour noise is not a problem in Korea 
alone, emotion research using lexicons in different languages and cultures would be 
of help to understand the emotional responses to neighbour noise in a broader 
sense. Third, different attempts could be made to evoke emotions. Participants are 
highly likely to become passive observers if they receive one-way, simplified, and 
well-controlled stimuli (Hari et al., 2015) because human emotions naturally occur 
in interaction with others and external events (Gilam and Hendler, 2016). As this 
study simply presented the stimuli and did not ask participants to engage or interact 
with anything, the participants might have responded to the questionnaire as passive 
observers. Thus, it is difficult to define to which extent emotions were resulted by 
the stimuli, and this study may have missed some important emotional processing 
factors (Hari et al., 2015). Further consideration of methods for evoking emotional 
responses to neighbour’s noise in a more engaging and ecological way could be 
examined in the future (Schmidt et al., 2018). Fourth, different methods could be 
used to measure emotions. Emotion lexicons are linguistic expressions, so there is 
a possibility that they could be either understated or overstated by the respondents. 
Moreover, emotion lexicons may not fully reflect the perceivers’ true emotional 
status, especially if they are not aware of their real inward feelings. Therefore 
a questionnaire survey can be carried out along with measurements of physiological 
responses because the brain and bodily functions are strongly synchronised by 
emotion-evoking stimuli (Hari et al., 2015). In addition, assessments in performance 
may be of use to understand the subjective states of participants. One of the 
important advantages of the performance evaluation is that demanding tasks elicit 
various stress responses, such as anxiety and worry, which facilitates an examination 
of subjective states (Matthews et al., 2002). Therefore, future research could adopt 
physiological measurements or performance evaluation, or both to assess subjective 
states before and after eliciting emotional experiences through the noise.  
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6.5 Summary 
In this study, lexicons expressing emotions evoked by neighbours’ footstep 
noise were collected. The emotional responses were assessed when the participants 
were listening to the noise stimuli. Throughout the study, the footsteps of a child 
and an adult were presented as the noise stimuli. First, a total of 120 Korean 
lexicons were chosen from interview transcripts and online community posts. The 
number of lexicons was reduced to 60 through an online survey. Participants of the 
first survey (N = 133) were asked to choose appropriate lexicons expressing their 
emotions while they were listening to the noise stimuli. Subsequently, another 
online survey was conducted with 89 participants, who rated the appropriateness 
of each lexicon while they were listening to the noise stimuli. Based on their 
responses, the lexicons were classified into four clusters: anger, dislike, pain, and 
empathy. In the laboratory experiment, 20 lexicons were listed to the participants 
(N = 41) who rated each lexicon during the noise exposure. Noise stimuli were 
played at noise levels between 30 and 60 dBA (LAFmax) with 5 dB intervals. Emotion 
and noise annoyance were significantly affected by the noise level, indicating that 
the greater noise level led to greater negative emotions and annoyance ratings. The 
three emotion clusters representing negative emotions were strongly correlated with 
noise annoyance. The emotion cluster of ‘DISLIKE’ (E2) had the strongest 
correlation with noise annoyance, whereas the cluster of ‘EMPATHY’ (E4) showed 
the weakest correlation with noise annoyance. This study also revealed that noise 
sensitivity and attitudes towards neighbours moderated the emotion and annoyance 
ratings. Overall, the findings suggested that low noise level, low noise sensitivity, 
and positive attitudes towards neighbours would lead to less negative emotions and 
annoyance when neighbours’ footstep noises are heard. Table 6-10 summarises the 
major findings of this study with the research questions of the study. 
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Table 6-10. The research questions and the findings of this study. 
Research questions Findings 
▪ How do people respond to 
floor impact noise 
psychologically and 
physiologically? 
▪ Annoyance (increase) 
▪ Emotions 
- Anger (increase) 
- Dislike (increase) 
- Pain (increase) 
- Empathy (decrease) 
▪ What factors have impacts on 
the responses? 
▪ Noise level increased the responses. 
▪ Greater responses were shown by the participants with 
higher noise sensitivity. 
▪ Greater responses were shown by the participants with 
negative attitudes towards their neighbours. However, the 
difference between the positive and negative attitude groups 
was but not as significant as that of the noise-sensitivity 
group. 
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7 Psychological responses to indoor 
noise and its relationship with 
various factors: A field study* 
7.1 Introduction 
This study was conducted in situ in order to validate the findings in earlier 
chapters. The study also aimed to explore the effects of various acoustic and non-
acoustic factors on residents’ psychological responses to floor impact noise. 
Furthermore, it examined adverse health effects of floor impact noise exposure. 
The study was conducted at four different apartment complexes with one hundred 
residents from each complex (N = 400). The participants responded to a 
questionnaire which measured their psychological responses to indoor noise. The 
questionnaire assessed their self-reported annoyance, anger, and empathy evoked 
by floor impact noise. Anger and empathy were two of the four emotions found in 
the previous study (Chapter 6). Additionally, the questionnaire measured self-
reported satisfaction with indoor noise environment. Various factors were tested to 
examine whether they had significant relationships with the psychological responses 
 
* This chapter has been partly published in a peer-reviewed journal and a conference proceeding. 
The papers can be found in Appendix 7. 
Chapter 7 
158 
 
to indoor noise. The tested factors included personal factors (e.g. socio-
demographic characteristics), characteristics of the house (e.g. slab thickness), 
characteristics of the floor impact noise (e.g. major noise source), and characteristics 
of outdoor noise (e.g. outdoor noise level), and annoyance of the outdoor noise 
(e.g. road traffic noise annoyance). Particularly, the outdoor noise was concerned 
because it was assumed it might mask indoor noise. Outdoor noise measurements 
were carried out for 24 hours on top of buildings at each site in order to generate 
the noise maps and to predict façade noise levels of each housing unit. The 
participants’ self-reported quality of life and blood pressure were measured to 
evaluate the adverse effects of floor impact noise on the residents’ health and well-
being. The study was conducted based on the following research question and 
objectives as shown in Table 7-1. 
Table 7-1. The research question and objectives of the present field study. 
Research questions Objectives 
▪ What factors have effects on 
the responses to floor impact 
noise? 
▪ To investigate the impacts of the following factors on the 
responses: 
- Personal factors: socio-demographic characteristics, length 
of residency, and self-reported noise sensitivity. 
- Characteristics of the house: slab thickness, age of the 
building, and net floor area of the house. 
- Characteristics of the floor impact noise: major noise 
source, child(ren) upstairs, and time of noise exposure. 
- Outdoor noise: distance from the road, distance from the 
railway, outdoor noise level, annoyance caused by road 
traffic noise and railway noise, and total annoyance. 
7.2 Methods 
7.2.1 Sites 
As listed in Table 7-2, four apartment complexes in Gyeonggi province of 
South Korea were recruited in the study. The oldest site was built in 1994 (Site A) 
and the newest one was built in 2014 (Site D). The tallest building was at Site A 
(25 floors). The biggest site had 1,827 houses (Site A), whereas the smallest one had 
262 houses (Site C). Slab thickness of the apartments varied: 150 mm slabs were 
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used in Sites A and B, 180 mm in Site D, and 210 mm in Site C. Net floor area of 
the residences also varied from 52 m2 (in Site D) to 157 m2 (in Site C). The average 
price per square metre of residences in Site A was the highest but the properties at 
Site C were the most expensive due to the bigger size of the residences. Site D was 
a type of public rental housing which was owned by the government and offered 
with a long-term rent plan. Thus, there was no information about the average price 
per square metre for Site D. This study aimed to minimise the variations of factors 
affecting floor impact noise levels. First, all the buildings had the same structure 
which is a box-frame-type reinforced concrete construction. Secondly, the buildings 
with similar floor structures were chosen. The floors consisted of the reinforced 
concrete slab, resilient material, lightweight concrete, and finishing mortar 
(Appendix 5). All the resilient materials were Expanded Polystyrene (EPS) and 
thicknesses of the materials varied from 20 to 30 mm. 
Table 7-2. Information of the participated sites. 
 
Site No. 
A B C D 
Construction year 1994 2002 2009 2014 
Number of buildings 21 7 7 8 
Number of residences 1,827 583 262 522 
Maximum number of floors 25 23 15 18 
Slab thickness [mm] 150 150 210 180 
Net floor area of the residences [m2] 58 ~ 85 84 107 ~ 157 52 ~ 60 
Average price per m2 [GBP]a 2,533 2,127 2,047 · 
a South Korean Won (KRW) was converted to British Pound (GPB) with an exchange rate of 
GBP 1 = KRW 1,500 
 
7.2.2 Participants 
One hundred residents from each site took part in the study so a total of 
400 participants were recruited. None of the participants had hearing disabilities. 
There were inclusion criteria for participant recruitment. Participants should (1) be 
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South Koreans, (2) be residents of the site in which the study was carried out, 
(3) have self-reported normal hearing, (4) have their body mass index in the normal 
range (18.5 ~ 25 kg/m2), (5) not have any history of cardiovascular, respiratory 
(asthma), musculoskeletal disorders, diabetes mellitus, epilepsy, and hearing 
disabilities, (6) not currently take any heartbeat-affecting drug, (7) not have any past 
experience of being professional athletes, (8) have diastolic blood pressure between 
60 and 90 mmHg and systolic blood pressure between 90 and 140 mmHg, and 
(9) be between the ages of 20 and 60. The criteria from #4 to #9 were adopted in 
order to collect the blood pressure data within the normal range and to control any 
potential impacts of factors which could affect blood pressure. 
Age of the participants ranged from 20 to 60 and the mean age of the whole 
participants was 42.9 years old (SD = 10.5). Male and female participants were 
recruited almost evenly from each site. More than half of the participants from Sites 
A and C reported that they did not live with any child. More than half of the 
participants from Sites B and C reported that there were one or more children living 
upstairs. Although the questionnaire gave five options for the education level 
(primary school; middle school; high school; university/college; postgraduate), 
there was no participant chose either the option of primary or middle school. Most 
of the participants’ education level was at the university/college level. The majority 
of the participants were employed and most of them were employed full-time. 
Length of residency ranged from 2 months to 277 months (23 years and 1 month) 
which partially correlated with the age of the building. Most of the participants from 
Sites A, B, and C reported that they owned their houses, whereas all the participants 
from Site D rented their houses from the government. Table 7-3 lists the 
information about the participants. 
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Table 7-3. Information of the participants (N = 400) from each site. 
   Site No. 
  
Whole A B C D 
Age [year] M 42.9 44.3 41.6 42.5 43.4 
SD 10.5 9.6 11.2 10.5 10.6 
Gender [n] Male 192 45 46 56 47 
Female 208 55 54 44 53 
Education level High school 73 17 22 13 21 
University/college 293 80 65 74 74 
Postgraduate 34 3 13 13 5 
Annual household 
income [GBP]a 
< 13,330 3 1 0 2 0 
13,330 ~ 19,990 38 10 1 16 11 
19,990 ~ 26,660 66 20 3 26 17 
26,660 ~ 33,330 111 35 7 33 36 
33,330 ~ 39,990 104 24 35 18 27 
39,990 < 78 10 54 5 9 
Child(ren) 
at home [n] 
Yes 177 30 58 39 50 
No 223 70 42 61 50 
Child(ren) 
upstairs [n] 
Yes 218 50 61 59 48 
No 114 35 24 27 28 
Don't know 68 15 15 14 24 
Length of residency 
[month] 
M 85.4 141.1 107.6 59.2 33.7 
SD 62.8 78.3 42.5 29.0 9.4 
House 
ownership [n] 
Owner 271 90 94 87 0 
Renter 129 10 6 13 100 
a South Korean Won (KRW) was converted to British Pound (GPB) with an exchange rate of 
GBP 1 = KRW 1,500 
 
7.2.3 Questionnaire 
The questionnaire was divided into five main sections. The first section of 
the questionnaire asked the participants to give brief details about themselves and 
their houses. The participants were asked about their age, gender, education, 
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income, child(ren) at home, length of residency, the net floor area of the residence, 
and house ownership. This section of the questionnaire also measured self-reported 
noise sensitivity using 21 question items (Weinstein, 1978). The second section dealt 
with the participants’ psychological responses to indoor noise. The level of 
annoyance caused by floor impact noise was assessed. Noise annoyance was rated 
using an 11-point scale (0 = ‘Not at all’ and 10 = ‘Extremely’) as recommended in 
Fields et al. (2001) and the ISO/TS 15666. The participants were provided with the 
following instruction: “Thinking about the last 12 months or so, when you are in 
your home, how much does floor impact noise annoy you?” Besides, emotions 
(anger and empathy) evoked by the floor impact noise were assessed using the 
lexicons developed in Chapter 6. In this study, only anger and empathy were 
measured based on the suggestion made by Chapter 6. The participants were asked 
to rate the emotions on 7-point scales (0 = ‘Not at all’ and 6 = ‘Extremely’) according 
to the following instruction: “Please rate how much each lexicon is appropriate for 
expressing your emotions perceived towards the floor impact noise you have heard 
for the last 12 months.” For those who had lived in their current houses for less 
than 12 months, they were asked to think about the period of time that they had 
lived in the current house. Moreover, perceived satisfaction with the general indoor 
noise environment was asked using an 11-point scale (0 = ‘Not at all’ and 
10 = ‘Extremely’) with the following instruction: “Please rate how much you are 
satisfied with the indoor noise environment in your home.” The third section of 
the questionnaire measured characteristics of the floor impact noise exposure. 
Question items asking the major noise source, any child(ren) upstairs, and time of 
the noise exposure were used. For the major noise source, the question listed six 
noise sources adopted from the previous study (Chapter 3). The noise sources 
included two heavyweight impact noise sources (children’s footsteps and adults’ 
footsteps) and four lightweight impact noise sources (scraping of furniture, 
dropping of objects, door banging, and plumbing system). The questionnaire also 
asked whether there was any child living upstairs since the footstep noise of children 
has been known to be the dominant noise source in apartment buildings (Jeon et 
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al., 2006a). In order to measure the time of noise exposure, the following five 
options were given: 06:00 ~ 09:00, 09:00 ~ 12:00, 12:00 ~ 18:00, 18:00 ~ 20:00, 
and 20:00 ~ 06:00. The fourth section of the questionnaire was to measure the 
annoyance of outdoor noise. The participants were asked to rate perceived 
annoyance caused by outdoor road traffic noise and railway noise. In addition, total 
annoyance regarding the general outdoor noise was measured. All questions were 
given with 11-point scales (0 = ‘Not at all’ and 10 = ‘Extremely’). The last section of 
the questionnaire measured the participants’ self-reported quality of life using 36 
question items (Ware Jr and Sherbourne, 1992; McHorney et al., 1993; McHorney 
et al., 1994). The measurement of the quality of life was comprised of two major 
components: physical health and mental health-related quality of life. 
7.2.4 Outdoor noise measurements 
Residents in multi-family housing are exposed to not only indoor building 
noise (e.g. floor impact noise) but also outdoor noise (e.g. road traffic noise) in their 
homes. This study assumed that the outdoor noise level might have masking effects 
on the indoor noise and thereby the psychological responses to floor impact noise 
might be affected (Kryter, 1970). There were traffic roads near all the sites. Sites A 
and B were nearby roads with three or more lanes, while Sites C and D were close 
to roads with a smaller number (e.g. one or two) of lanes. Sites A, B, and C were 
located in the vicinity of railways so they were exposed to the railway noise also. 
Outdoor noise measurements were carried out on top of buildings in each site for 
24 hours on one weekday. Five buildings in Sites C and D, four buildings in Site B, 
and three buildings in Site A were chosen for the noise measurements. The number 
of buildings where the noise measurements were conducted at each site was 
different due to the different regulations of the sites. All sound level metres (SVAN 
943, Svantek) were mounted on the tripods and positioned 1.2 m above the ground. 
Table 7-4 lists LAeq,24-hour and the Ldn measured from the top of the buildings of each 
site. Noise maps were generated (Appendix 5) using SoundPLAN, based on the 
data collected from the noise measurements and measured traffic flow from the 
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Korean Government (http://viewt.ktdb.go.kr). The predicted noise levels showed 
good agreements with the measured noise levels within 3 dB. The façade noise 
maps were generated to predict the noise exposure of each housing unit. 
Table 7-4. LAeq and Ldn recorded from the top of the buildings from each site. 
Site Building LAeq,24-hour Ldn 
A 1 57.0 61.0 
2 45.0 49.2 
3 50.6 54.4 
B 1 61.0 65.7 
2 59.0 63.6 
3 55.5 59.7 
4 54.0 58.5 
C 1 64.8 68.1 
2 57.7 61.2 
3 56.0 59.7 
4 53.9 57.8 
5 52.0 56.2 
D 1 50.3 54.0 
2 47.1 51.0 
3 44.0 48.2 
4 40.6 45.0 
5 39.2 43.8 
 
7.2.5 Procedure 
Only those who met the inclusion criteria and provided their consent 
participated in the study. The participants took part in the study individually. Each 
participant was invited to visit the designated place in each site to take part in the 
study. It was located in the management office building at each site so the 
participants were well aware of where the location was. The participant information 
sheet and a written consent form were provided to the participant upon arrival. 
Before obtaining the consent, the author explained the purpose of the study and 
answered the participant’s questions. The participant was assured of complete 
anonymity. After that, the participant was asked to complete the questionnaire. 
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Blood pressure was measured from the participant’s left arm using the blood 
pressure monitor (Omron M3 Comfort, HEM-7134-E). The author helped the 
participant to sit on a chair in a correct posture (sitting upright with the back straight 
and legs uncrossed) and to rest his/her left arm comfortably at heart level. Any 
tight-fitting or thick clothing was removed from the arm before the measurement. 
Each participant received KRW 10,000 (approximately GBP 7) gift card for the 
participation. 
7.2.6 Data analysis 
Statistical analyses were performed using SPSS for Windows (version 22). 
Bivariate (Pearson) correlations were assessed between two variables. Impacts of 
the factors were tested with the one-way ANOVA and group differences were 
examined using the independent samples t-tests. The multiple linear regression 
analyses were performed to examine which factors significantly predict the 
subjective responses to the noise and health consequences. p values of less than 5 % 
(p < 0.05) were considered as statistically significant. 
7.3 Results 
Correlations between various factors and the participants’ self-reported 
annoyance, anger, and empathy perceived towards floor impact noise and 
satisfaction with indoor noise environment were evaluated. First, several personal 
factors were examined; age, education level, income, length of residency, and self-
reported noise sensitivity. Second, the characteristics of the house were assessed: 
slab thickness, age of the building, and the net floor area of the house. Third, the 
characteristics of the outdoor noise were studied: the distance from the road, 
distance from the railway, and the outdoor noise levels predicted in each house in 
terms of the Ldn. Fourth, as the participants’ annoyance of the outdoor noise, 
annoyance caused by road traffic noise and railway noise, and total annoyance were 
examined. Fifth, the participants’ perceived quality of life in regard to physical 
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health and mental health were evaluated. Finally, the participants’ diastolic and 
systolic blood pressure were tested. As Table 7-5 shows, some of the factors had 
statistically significant correlations with the psychological responses to indoor noise. 
In addition to the analyses on the correlational relationships, group comparisons 
were performed in order to further explore the effects of the factors. Differences 
between groups were tested using the factors which had significant correlations 
(e.g. between low and high noise-sensitivity groups) or those of which correlations 
could not be tested because they were measured as nominal or categorical data 
(e.g. gender and house ownership).  
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7.3.1 Personal factors 
Among the socio-demographic characteristics, age showed significant 
correlations with the annoyance, anger, and satisfaction but the correlation 
coefficients were low (Table 7-5). Education level did not correlate with any of the 
responses, while income had a significant but weak correlation with empathy. 
Length of residency also did not have any correlation with the responses. There 
were some other socio-demographic characteristics measured as nominal or 
categorical data: gender, child(ren) at home, and house ownership. Their impacts 
were tested by group comparisons. First, it was found that the female participants 
reported higher annoyance and anger ratings than the male participants but there 
was no significant difference between the responses between males and females. 
Likewise, the male participants reported higher satisfaction than the female 
participants but the difference was not significant. Moreover, both male and female 
participants’ empathy ratings were very similar to each other (M = 3.302 and 3.298, 
respectively). Second, those who lived with one or more children reported lower 
annoyance and anger than those who did not have any children but there was no 
difference between them. Similarly, those who had one or more children also 
reported higher empathy and satisfaction than those who did not have any children 
but there was no significance in the difference. Third, there were significant 
differences between the house owners and renters in some responses. Figure 7-1 
illustrates that the house owners reported higher annoyance and anger, whereas the 
renters reported higher empathy and satisfaction. There were significant differences 
in the three psychological responses concerning floor impact noise (annoyance, 
anger, and empathy ratings). However, there was no significant difference in the 
responses of satisfaction with indoor noise environment. 
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Figure 7-1. Annoyance, anger, empathy, and satisfaction compared between the 
house owners and renters. Error bars indicate standard errors 
(* p < 0.05, ** p < 0.01). 
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As presented in Table 7-5, noise sensitivity significantly correlated with 
annoyance (r = .83), anger (r = .85), empathy (r = -.71), and satisfaction (r = -.86). 
The effects of the noise sensitivity on the responses were examined using the one-
way ANOVA. The results showed that noise sensitivity had significant impacts on 
annoyance [F (60, 339) = 26.05, p < 0.01)], anger [F (60, 339) = 18.77, p < 0.01)], 
empathy [F (60, 339) = 8.52, p < 0.01)], and satisfaction [F (60, 339) = 31.14, 
p < 0.01)]. The responses were then compared between those who reported low 
noise sensitivity with those who reported high noise sensitivity. The participants 
were split into two groups concerning their noise-sensitivity scores. The mean and 
median noise-sensitivity scores of the whole participants were 79.4 and 79.0, 
respectively. The median value was used as a cut-off point to divide the participants 
into two groups. The participants whose noise-sensitivity scores were <= 79 were 
grouped as the low noise-sensitivity group (n = 204) and those with noise-sensitivity 
scores above 79 were grouped as the high noise-sensitivity group (n = 196). The 
low noise-sensitivity group’s mean noise-sensitivity score was 68.6 (SD = 7.3) and 
the high noise-sensitivity group’s mean noise-sensitivity score was 90.6 (SD = 7.7). 
As described in Figure 7-2, the high noise-sensitivity group had higher annoyance 
and anger ratings than the low noise-sensitivity group, while their empathy and 
satisfaction ratings were lower than those of the low noise-sensitivity group. The 
responses of the two groups were significantly different.  
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Figure 7-2. Annoyance, anger, empathy, and satisfaction compared between the 
low and high noise-sensitivity groups. Error bars indicate standard 
errors (* p < 0.05, ** p < 0.01). 
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7.3.2 Characteristics of the house 
The psychological responses to indoor noise were compared between the 
four sites (Sites A ~ D) as presented in Figure 7-3. The annoyance rating of Site A 
was the highest (M = 4.5; SD = 3.4), whereas Site D reported the lowest annoyance 
(M = 3.4; SD = 2.6). Only the annoyance ratings between Sites A and D were 
significantly different. Similarly, Sites A and D showed the highest (M = 2.6; 
SD = 1.3) and lowest (M = 1.7; SD = 1.1) anger ratings, respectively. There were 
significant differences in the anger ratings between Sites A and B, Sites A and D, 
and Sites C and D. Empathy reported by the participants in Site B was the highest, 
followed by those in Sites D, A, and C. Significant differences in the empathy 
ratings were found between Sites A and B, Sites A and D, Sites B and C, and Sites C 
and D. For the satisfaction with indoor noise environment, the highest satisfaction 
was reported from Site D, followed by Sites B, C, and A. Only the satisfaction 
ratings of Sites A and D were significantly different. 
As listed in Table 7-5, slab thickness did not have any correlation with the 
annoyance, anger, and satisfaction ratings. It showed a significant correlation only 
with empathy but the correlation coefficient was quite low (r = -.20). Figure 7-4 
describes the subjective responses across the three different slab thicknesses (150, 
180, and 210 mm). Sites A and B used the same slab thickness (i.e. 150 mm) so the 
results of the two sites were merged together for this comparison. The lowest 
annoyance and anger and the highest satisfaction ratings were observed from Site 
D (Figure 7-3). Similar tendencies were displayed in Figure 7-4, indicating that the 
annoyance and anger ratings were the lowest and the empathy and satisfaction 
ratings were the highest from the site with the 180 mm slab. The highest annoyance 
rating was observed from the sites with the 150 mm slab, while the highest anger 
rating was from the site with the 210 mm slab. The lowest empathy and satisfaction 
ratings were from the site with the 210 mm slab. Hence, the increase or decrease in 
the slab thickness did not correlate with the psychological responses to indoor noise. 
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Figure 7-3. Annoyance, anger, empathy, and satisfaction compared between 
Sites A ~ D. Error bars indicate standard errors (* p < 0.05, 
** p < 0.01). 
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Figure 7-4. Annoyance, anger, empathy, and satisfaction compared between the 
slab thicknesses of 150, 180, and 210 mm. Error bars indicate 
standard errors (* p < 0.05, ** p < 0.01). 
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The participants were classified into two groups with the factor of house 
ownership (owner and renter) and the factor of self-reported noise sensitivity (low 
and high). Then the correlations between the subjective responses and house 
characteristics were examined again separately between the groups. As listed in 
Table 7-6, the correlation coefficients slightly increased in some groups compared 
to those in Table 7-5. Although most of the coefficients were still low, it was worth 
looking into the data more in-depth in order to assess any potential impact of the 
variables. Specifically, slab thickness and age of the building showed significant 
correlations with some of the subjective responses. For instance, the slab thickness 
had the coefficients of -.038 with the annoyance before the data were split into the 
groups (Table 7-5). However, the correlations became stronger when the 
noise-sensitivity groups were compared to each other. As shown in Table 7-6(a), 
the house owners’ empathy rating had a negative correlation with the slab thickness 
but the renters’ had a positive correlation. This implies that the house owners living 
in houses with thicker slabs would be less likely to perceive empathy, whereas the 
renters living in houses with thicker slabs would be likely to perceive empathy when 
they heard floor impact noise. Likewise, the house owners’ satisfaction had 
a negative correlation with the slab thickness, while the renters’ satisfaction had 
a positive correlation. In addition, the renter’s anger, empathy, and satisfaction had 
stronger correlations with the age of the building than the owners. It could be 
viewed that the renters living in older buildings would be more likely to perceive 
anger and less likely to perceive empathy and satisfaction compared to the house 
owners. Table 7-6(b) lists the correlation coefficients between the noise-sensitivity 
groups. Particularly, annoyance and empathy ratings of the high noise-sensitivity 
group had stronger correlations with the age of the building. It implies that noise-
sensitive people living in older buildings would perceive more annoyance and less 
empathy than less sensitive people. 
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7.3.3 Characteristics of floor impact noise exposure 
The questionnaire asked the participants three questions in regard to the 
characteristics of the floor impact noise exposure. All the three questions measured 
nominal or categorical data so the data’s correlations could not be tested. As shown 
in Table 7-3 in which the information about the participants was given, 218 of the 
participants reported there were one or more children living upstairs, 
114 participants reported there was no child living upstairs, and 68 participants 
answered they did not know if there was any child living upstairs. When the 
participants’ psychological responses to indoor noise were compared between the 
groups, the results showed that the responses were not affected by whether or not 
the participants had child(ren) living upstairs. As listed in Table 7-7(a), the most 
frequent noise source across the sites was children’s footstep noise, followed by 
adults’ footstep noise and dropping of objects. In particular, 53 % of the 
participants from Site B reported children’s footstep noise as the major noise source. 
Furthermore, heavyweight impact sources (children and adults’ footstep noises) 
were more dominant than lightweight impact sources. The responses of the 
participants who were dominantly exposed to the heavyweight impact noise 
(n = 254) were compared to those who were dominantly exposed to the lightweight 
impact noise (n = 146). There was no significant difference between the groups. 
Table 7-7(b) then presents when the floor impact noise was dominantly heard. 
Night-time (between 20:00 and 06:00) was the most dominant time for noise 
exposure, accounting for 54.8 % across the sites. Similarly, the psychological 
responses to indoor noise were compared between those who were exposed to the 
noise between 20:00 and 06:00 (n = 219) and the others (n = 181). No significant 
difference was found between the groups. 
  
Chapter 7 
178 
 
Table 7-7. Frequency percentages [%] of (a) major noise source and (b) time of 
noise exposure. 
    
Site 
   
Whole A B C D 
(a) Major noise source Heavyweight Child 38.5 32.0 53.0 37.0 32.0 
Adult 25.0 26.0 18.0 26.0 30.0 
Lightweight Furniture 12.3 10.0 15.0 12.0 12.0 
Objects 12.5 15.0 10.0 11.0 14.0 
Door 6.3 15.0 0.0 6.0 4.0 
Plumbing 5.5 2.0 4.0 8.0 8.0 
   
     
(b) Time of noise exposure 06:00 ~ 09:00 28.5 41.0 32.0 18.0 23.0 
09:00 ~ 12:00 4.5 3.0 2.0 7.0 6.0 
12:00 ~ 18:00 3.3 4.0 2.0 4.0 3.0 
18:00 ~ 20:00 9.0 10.0 2.0 16.0 8.0 
20:00 ~ 06:00 54.8 42.0 62.0 55.0 60.0 
 
7.3.4 Outdoor noise 
As listed in Table 7-5, none of the outdoor noise characteristics (distance 
from the road, distance from the railway, and outdoor noise level) showed any 
significant correlation with floor impact noise annoyance. An additional correlation 
analysis was conducted in order to examine the data separately for each site because 
the noise sources and noise levels between the sites were different. Table 7-8 
presents the correlation coefficients between the psychological responses to indoor 
noise and the characteristics of outdoor noise for each site. There is still not much 
notable correlation found from Sites A, C, and D. Only the responses collected 
from Site B had statistically significant but weak correlations. For example, 
annoyance and anger measured from Site B had negative correlations with distance 
from the road and distance from the railway. It indicates that the participants at Site 
B who were from the houses closer to the road or railway reported higher 
annoyance and anger. On the other hand, annoyance and anger had positive 
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correlations with the outdoor noise level. It indicates that the participants who were 
exposed to higher outdoor noise levels at home reported higher annoyance and 
anger. 
Table 7-8. Correlations of annoyance, anger, empathy, and satisfaction with the 
characteristics of the outdoor noise. The coefficients are shown 
separately between the sites (* p < 0.05, ** p < 0.01). 
  Characteristics of outdoor noise 
Site 
Dependent 
variables 
Distance 
from the road 
Distance 
from the railway 
Outdoor 
noise level (Ldn) 
Whole Annoyance -.036 -.063 .077 
Anger -.120* -.102 .113* 
Empathy .133** .149** .016 
Satisfaction .012 .049 -.033 
A Annoyance .100 -.136 .170 
Anger .098 -.191 .206* 
Empathy -.095 .257** -.280** 
Satisfaction -.101 .126 -.195 
B Annoyance -.257** -.376** .300** 
Anger -.356** -.429** .374** 
Empathy .328** .394** -.361** 
Satisfaction .156 .248* -.206* 
C Annoyance .042 .053 -.069 
Anger .128 -.028 -.057 
Empathy -.073 .054 .037 
Satisfaction -.043 -.087 .096 
D Annoyance .096 . -.144 
Anger .017 . -.064 
Empathy -.128 . .149 
Satisfaction -.164 . .176 
Since there was no railway near to Site D, the cells for the correlations between the distance from the 
railway and the responses from Site D left as blank in the table. 
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The annoyance of the outdoor noise had significant correlations with 
psychological responses to indoor noise (Table 7-5). For instance, annoyance 
caused by road traffic noise positively correlated with floor impact noise annoyance 
and anger, while it negatively correlated with empathy and satisfaction. This 
indicates that the annoyance of outdoor noise had impacts on the subjective 
response to indoor noise and vice versa. The results of the one-way ANOVA 
revealed that the road traffic noise annoyance had significant impacts on the floor 
impact noise annoyance [F (10, 389) = 13.41, p < 0.01)], anger [F (10, 389) = 13.24, 
p < 0.01)], empathy [F (10, 389) = 5.78, p < 0.01)], and the indoor noise satisfaction 
[F (10, 389) = 12.78, p < 0.01)]. In addition, the railway noise annoyance also had 
significant impacts on floor impact noise annoyance [F (10, 389) = 18.18, p < 0.01)], 
anger [F (10, 389) = 21.11, p < 0.01)], empathy [F (10, 389) = 15.13, p < 0.01)], and 
the indoor noise satisfaction [F (10, 389) = 18.83, p < 0.01)]. Further, the total 
annoyance had significant impacts on floor impact noise annoyance [F (10, 
389) = 22.70, p < 0.01)], anger [F (10, 389) = 27.83, p < 0.01)], empathy [F (10, 
389) = 13.93, p < 0.01)], and satisfaction [F (10, 389) = 22.33, p < 0.01)]. Table 7-9 
presents the correlation coefficients between the subjective responses of indoor 
noise (annoyance, anger, empathy, and satisfaction) and the annoyance of outdoor 
noise for each site. Among the four sites, the road traffic noise annoyance assessed 
from Site B had the strongest correlations with the psychological responses to 
indoor noise. Compared to Site B, relatively weaker correlation coefficients were 
shown from the other sites. It can be explained by the higher exposure to road 
traffic noise at Site B compared to the other sites. Although this study did not 
measure road traffic noise and railway noise separately, the higher exposure to the 
road traffic noise could be assumed by the participants’ self-reported annoyance 
ratings towards the road traffic noise. The mean road traffic noise annoyance 
measured at Site B was 5.4 (SD = 2.5) which was the highest among the four sites, 
followed by Site A (M = 4.3, SD = 2.2), Site C (M = 1.8, SD = 1.3), and Site D 
(M = 1.1, SD = 1.0). Similar tendencies were shown in the correlations that the 
railway noise annoyance had. The railway noise annoyance measured from Sites B 
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and C had high correlations with the psychological responses to indoor noise. The 
higher exposure to the railway noise at Sites B and C could be assumed from the 
participants’ self-reported annoyance ratings towards the railway noise. The mean 
railway noise annoyance measured at Site C was 6.0 (SD = 2.3) and that of Site B 
was 5.3 (SD = 2.7) which were higher than that of Site A (M = 2.3, SD = 3.0). 
Furthermore, the total annoyance of outdoor noise had significant relationships 
with all the subjective responses of floor impact noise. Specifically, it had positive 
correlations with the floor impact noise annoyance and anger, and negative 
correlations with empathy and satisfaction. These results indicate that greater levels 
of annoyance of outdoor noise led to greater levels of negative responses to indoor 
noise and vice versa. 
Table 7-9. Correlations of annoyance, anger, empathy, and satisfaction with the 
annoyance of outdoor noise. The coefficients are shown separately 
between the sites (* p < 0.05, ** p < 0.01). 
Site 
Dependent 
variables 
Annoyance of outdoor noise 
Road traffic noise 
annoyance 
Railway noise 
annoyance 
Total 
annoyance 
Whole Annoyance .434** .397** .580** 
 Anger .444** .473** .626** 
 Empathy -.269** -.422** -.469** 
 Satisfaction -.396** -.385** -.559** 
A Annoyance .537** .386** .678**  
Anger .573** .425** .757**  
Empathy -.592** -.495** -.777**  
Satisfaction -.526** -.395** -.692** 
B Annoyance .738** .721** .747**  
Anger .804** .807** .818**  
Empathy -.768** -.785** -.796**  
Satisfaction -.658** -.660** -.680** 
C Annoyance .401** .733** .727**  
Anger .395** .772** .744**  
Empathy -.388** -.732** -.727**  
Satisfaction -.397** -.695** -.700** 
D Annoyance .430** . .545**  
Anger .470** . .589**  
Empathy -.323** . -.487**  
Satisfaction -.585** . -.623** 
There is no data shown for Site D because there was no railway nearby the site. 
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In order to further test the impact of the annoyance of outdoor noise on the 
psychological responses to indoor noise, the participants were split into two groups 
according to the levels of annoyance ratings (low and high). First, the participants 
were separated into two groups according to their road traffic noise annoyance 
ratings (Figure 7-5). The mean and median road traffic noise annoyance ratings 
were 3.1 and 2.0, respectively. The median value was used as a cut-off point to 
divide the participants into two groups. The participants whose annoyance ratings 
were <= 2.0 were grouped as the low annoyance group (n = 209), while those with 
annoyance ratings above 2.0 were grouped as the high annoyance group (n = 191). 
It was found that the low annoyance group reported significantly lower annoyance 
and anger perceived towards floor impact noise, and higher empathy and indoor 
noise satisfaction than the high annoyance group. Second, the participants were 
split into two groups according to their railway noise annoyance ratings (Figure 7-6). 
The mean and median railway noise annoyance ratings were 3.4 and 3.0, respectively. 
The median value was used as a cut-off point to group the participants. The 
participants whose annoyance ratings were <= 3.0 were grouped as the low 
annoyance group (n = 213) and those with annoyance ratings above 3.0 were 
grouped as the high annoyance group (n = 187). It was observed that the low 
annoyance group reported significantly lower annoyance and anger perceived 
towards floor impact noise, and higher empathy and indoor noise satisfaction than 
the high annoyance group. Third, the responses of the participants were also 
separated into two groups with their total annoyance ratings (Figure 7-7). The mean 
and median total annoyance ratings were 4.5 and 4.0, respectively. The median value 
was used as a cut-off point to group the participants. The participants whose 
annoyance ratings were <= 4.0 were grouped as the low annoyance group (n = 207) 
and those with annoyance ratings above 4.0 were grouped as the high annoyance 
group (n = 193). The results presented that the low annoyance group reported 
significantly lower annoyance and anger perceived towards floor impact noise, and 
higher empathy and indoor noise satisfaction than the high annoyance group. 
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Figure 7-5. Annoyance, anger, empathy, and satisfaction compared between the 
low and high road traffic noise annoyance groups. Error bars indicate 
standard errors (* p < 0.05, ** p < 0.01). 
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Figure 7-6. Annoyance, anger, empathy, and satisfaction compared between the 
low and high railway noise annoyance groups. Error bars indicate 
standard errors (* p < 0.05, ** p < 0.01). 
3.3 4.9
0
1
2
3
4
5
6
7
8
9
10
Low High
A
nn
oy
an
ce
Railway noise annoyance
**
3.5 3.0
0
1
2
3
4
5
6
Low High
E
m
pa
th
y
Railway noise annoyance
**
1.8 2.6
0
1
2
3
4
5
6
Low High
A
ng
er
Railway noise annoyance
**
6.3 4.9
0
1
2
3
4
5
6
7
8
9
10
Low High
Sa
tis
fa
ct
io
n
Railway noise annoyance
**
Psychological responses to indoor noise and its relationship with various factors: A field study 
185 
 
 
Figure 7-7. Annoyance, anger, empathy, and satisfaction compared between the 
low and high total annoyance groups. Error bars indicate standard 
errors (* p < 0.05, ** p < 0.01). 
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Table 7-10 compares the correlation coefficients between the psychological 
responses to indoor noise and outdoor noise across the low and high noise-
sensitivity groups. Particularly, the annoyance of the high noise-sensitivity group 
had stronger correlations with the annoyance of outdoor noise. The high noise-
sensitivity group showed more significant correlation coefficients between the floor 
impact noise annoyance and the annoyance of outdoor noise than the less sensitive 
group. Similar tendencies were identified from other responses to the indoor noise. 
The correlation coefficient between the anger and the railway noise annoyance for 
the sensitive group was significantly higher than the less sensitive group. The high 
noise-sensitivity group’s indoor noise satisfaction also had stronger correlation 
coefficients with the railway noise annoyance than the less sensitive group. 
Table 7-10. Correlations of annoyance, anger, empathy, and satisfaction with 
annoyance of outdoor noises. The coefficients are shown separately 
between the low and high noise-sensitivity groups (* p < 0.05, 
** p < 0.01). 
Psychological 
responses to 
indoor noise 
Noise 
sensitivity 
Annoyance of outdoor noise 
Road traffic noise 
annoyance 
Railway noise 
annoyance 
Total 
annoyance 
Annoyance Low 0.121 -0.039 0.118 
High .359** .306** .435** 
Anger Low .353** .190** .380** 
High .272** .371** .426** 
Empathy Low -0.007 -.246** -0.099 
High -0.098 -.277** -.271** 
Satisfaction Low -0.125 0.043 -0.136 
High -.269** -.311** -.374** 
 
7.3.5 Multiple linear regressions 
Multiple linear regressions were conducted in order to develop models for 
predicting the subjective responses to indoor noise. The multiple linear regression 
is an extension of simple regression in which an outcome is predicted by a linear 
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combination of two or more independent variables (Field, 2018). Thus, it was aimed 
to see how much each factor could predict each of the dependent variables. The 
dependent variables were the four response to indoor noise. Table 7-11 lists all the 
dependent variables and independent variables tested in the multiple linear 
regressions. 
Table 7-11. The list of (a) dependent variables and (b) independent variables tested 
in the multiple linear regressions. 
(a) Dependent variables 
Psychological responses to indoor 
noise 
Floor impact noise annoyance 
Anger evoked by floor impact noise 
Empathy evoked by floor impact noise 
Satisfaction with indoor noise environment 
(b) Independent variables 
Personal factors Age 
Education level 
Income 
Length of residency 
Noise sensitivity 
Characteristics of the house Slab thickness 
Age of the building 
Net floor area of the house 
Characteristics of outdoor noise Distance from the road 
Distance from the railway 
Outdoor noise level 
 
The following section describes the results of the multiple linear regressions 
for the dependent variables. In the following tables, β represents the standardised 
regression coefficient, indicating the strength of the relationship between a tested 
independent variable presented in a standardised form (Field, 2018). Positive values 
of β are shown if the independent variable correlated with the dependent variable 
positively and negative β indicates negative correlations. The tables then present the 
model summary of the tested regression. In particular, R2 represents how much the 
regression model could explain the variance of the dependent variable. The adjusted 
R2 is a measure of the loss of predictive power in regression which indicates how 
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much variance in the outcome would be accounted for if the model had been 
derived from the population from which the sample was taken (Field, 2018). 
The result of the multiple linear regression predicting the floor impact noise 
annoyance as a dependent variable is listed in Table 7-12. As shown in Table 7-12(a), 
two variables were included in the model with significant coefficients: noise 
sensitivity and age of the building. In particular, noise sensitivity had a strong and 
positive coefficient predicting the floor impact noise annoyance. As presented in 
Table 7-12(b), the regression was statistically significant [F (2, 397) = 484.429, 
p < 0.01] with R2 of 0.709. Therefore, the regression implies that 70.9 % of the 
variance of the floor impact noise annoyance could be explained by the two 
independent variables.  
Table 7-12. Results from the multiple linear regressions for predicting the floor 
impact noise annoyance: (a) the coefficients of the independent 
variables and (b) the model summary (* p < 0.05, ** p < 0.01). 
(a) Coefficients 
Independent variables B SE B β p 
(Constant) -11.078 .495  .000 
Noise sensitivity .181 .006 .834 .000 
Age of the building .005 .001 .153 .000 
(b) Model summary 
R .842     
R2 .709     
Adjusted R2 .708     
F 484.429     
p .000     
 
Table 7-13 then shows the result of the multiple linear regression predicting 
the anger evoked by floor impact noise as a dependent variable. Four variables were 
included in the model with significant coefficients: noise sensitivity, age of the 
building, distance from the road, and age of the participant. In particular, noise 
sensitivity and age of the building had positive coefficients and distance from the 
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road and age of the participant showed negative coefficients predicting the anger. 
The regression was statistically significant [F (4, 395) = 348.680, p < 0.01] with 
R2 of 0.883. Therefore, the regression implies that 88.3 % of the variance of the 
anger could be explained by the four independent variables.  
Table 7-13. Results from the multiple linear regressions for predicting anger evoked 
by floor impact noise: (a) the coefficients of the independent variables 
and (b) the model summary (* p < 0.05, ** p < 0.01). 
(a) Coefficients 
Independent variables B SE B β p 
(Constant) -3.802 .227 
 
.000 
Noise sensitivity .077 .002 .848 .000 
Age of the building .003 .000 .218 .000 
Distance from the road -.002 .001 -.100 .000 
Age -.008 .003 -.073 .002 
(b) Model summary 
R .883     
R2 .779     
Adjusted R2 .777     
F 348.680     
p .000     
 
Next, Table 7-14 presents the result of the multiple linear regression 
predicting the empathy evoked by floor impact noise as a dependent variable. Four 
variables were included in the model with significant coefficients: noise sensitivity, 
slab thickness, age of the building, and distance from the railway. The model was 
significant [F (4, 295) = 326.694, p < 0.01] and the four variables could explain the 
variation of empathy 81.6 %. In particular, noise sensitivity, slab thickness, and age 
of the building had strong negative coefficients explaining the empathy.  
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Table 7-14. Results from the multiple linear regressions for predicting empathy 
evoked by floor impact noise: (a) the coefficients of the independent 
variables and (b) the model summary (* p < 0.05, ** p < 0.01). 
(a) Coefficients 
Independent variables B SE B β p 
(Constant) 12.783 .326 
 
.000 
Noise sensitivity -.047 .002 -.750 .000 
Slab thickness -.025 .001 -.895 .000 
Age of the building -.009 .001 -.801 .000 
Distance from the railway .001 .000 .076 .034 
(b) Model summary 
R .903     
R2 .816     
Adjusted R2 .813     
F 326.694     
p .000     
 
Last, the result of the multiple linear regression predicting the satisfaction 
with indoor noise environment as a dependent variable is listed in Table 7-15. Three 
variables were included in the model with significant coefficients: noise sensitivity, 
age of the building, and age of the participant. The model was found to be 
significant [F (3, 396) = 411.459, p < 0.01] and could explain the variation of 
satisfaction 75.7 %. Noise sensitivity particularly had a strong and negative 
coefficient explaining the satisfaction with indoor noise environment. 
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Table 7-15. Results from the multiple linear regressions for predicting satisfaction 
with indoor noise environment: (a) the coefficients of the independent 
variables and (b) the model summary (* p < 0.05, ** p < 0.01). 
(a) Coefficients 
Independent variables B SE B β p 
(Constant) 19.956 .538 
 
.000 
Noise sensitivity -.181 .005 -.859 .000 
Age of the building -.004 .001 -.136 .000 
Age .016 .007 .062 .014 
(b) Model summary 
R .870     
R2 .757     
Adjusted R2 .755     
F 411.459     
p .000     
 
7.3.6 Health consequences 
The impacts of the psychological responses to indoor noise on adverse 
health consequences were assessed. Self-reported quality of life and objectively 
measured blood pressure were introduced as health consequences. The quality of 
life was evaluated with two components: physical health-related quality of life 
(‘physical health quality’) and mental health-related quality of life (‘mental health 
quality’). The data of blood pressure also consisted of two components: diastolic 
and systolic blood pressure. First, the results of the one-way ANOVA revealed that 
the effects of the floor impact noise annoyance on the mental health quality [F (10, 
389) = 3.32, p < 0.01)], diastolic blood pressure [F (10, 389) = 51.07, p < 0.01)], 
and systolic blood pressure [F (10, 389) = 51.90, p < 0.01)] were significant. The 
participants were then grouped into low and high floor impact noise annoyance 
groups. Both mean and median annoyance ratings were 4.0 and it was used as a cut-
off point to group the participants. As illustrated in Figure 7-8, the low floor impact 
noise annoyance group (n = 196) reported significantly higher physical and mental 
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health qualities than the high annoyance group (n = 204). Moreover, significantly 
lower diastolic and systolic blood pressures were measured from the low annoyance 
group. Second, anger perceived towards floor impact noise had significant impacts 
on the physical health quality [F (25, 374) = 1.68, p < 0.05)], mental health quality 
[F (25, 374) = 1.73, p < 0.05)], diastolic blood pressure [F (25, 374) = 21.56, 
p < 0.01)], and systolic blood pressure [F (25, 374) = 26.09, p < 0.01)]. The 
participants were grouped into low and high anger groups (Figure 7-9). The mean 
and median anger ratings were 2.2 and 1.9, respectively. The median value was used 
as a cut-off point to group the participants. The low anger group (n = 200) reported 
significantly higher physical and mental health qualities than the high anger group 
(n = 200). Significantly lower diastolic and systolic blood pressures were measured 
from the low anger group. Third, empathy had significant impacts on the physical 
health quality [F (24, 375) = 1.72, p < 0.05)], mental health quality [F (24, 
375) = 2.40, p < 0.01)], diastolic blood pressure [F (24, 375) = 10.15, p < 0.01)], 
and systolic blood pressure [F (24, 375) = 10.87, p < 0.01)]. As Figure 7-10 presents, 
the participants were grouped into low and high empathy groups. Both mean and 
median empathy ratings were 3.3 and it was used as a cut-off point. The low 
empathy group (n = 179) reported significantly higher physical and mental health 
qualities than the high empathy group (n = 221). The low empathy group had 
significantly lower diastolic and systolic blood pressure. Fourth, satisfaction with 
indoor noise environment had significant impacts on the physical health quality 
[F (10, 389) = 2.04, p < 0.05)], mental health quality [F (10, 389) = 4.05, p < 0.01)], 
diastolic blood pressure [F (10, 389) = 44.89, p < 0.01)], and systolic blood pressure 
[F (10, 389) = 44.78, p < 0.01)]. The participants were grouped into low and high 
satisfaction groups. The mean and median anger ratings were 5.6 and 6.0, 
respectively and the median value was used as a cut-off point. The low satisfaction 
group (n = 201) reported significantly lower physical and mental health qualities 
than the high satisfaction group (n = 199) as shown in Figure 7-11. Higher diastolic 
and systolic blood pressures were measured from the low satisfaction group and 
the difference between the groups was statistically significant. 
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Figure 7-8. Physical and mental health-related quality of life and blood pressure 
(diastolic and systolic) compared between the low and high floor 
impact noise annoyance groups. Error bars indicate standard errors 
(* p < 0.05, ** p < 0.01). 
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Figure 7-9. Physical and mental health-related quality of life and blood pressure 
(diastolic and systolic) compared between the low and high anger 
groups. Error bars indicate standard errors (* p < 0.05, ** p < 0.01). 
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Figure 7-10. Physical and mental health-related quality of life and blood pressure 
(diastolic and systolic) compared between the low and high empathy 
groups. Error bars indicate standard errors (* p < 0.05, ** p < 0.01). 
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Figure 7-11. Physical and mental health-related quality of life and blood pressure 
(diastolic and systolic) compared between the low and high indoor 
noise satisfaction groups. Error bars indicate standard errors 
(* p < 0.05, ** p < 0.01). 
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7.4 Discussion 
This study tested and validated the findings from previous studies in 
Chapters 3 ~ 6. First, the study in Chapter 3 reported that the major sources of 
floor impact noise were human (adults and children) footsteps, dropping of small 
objects, and movement of furniture from the acoustic measurements. This study 
confirmed that the adults’ and children’s footstep noises were the most dominant 
noise sources followed by scraping of furniture and dropping of objects. In addition, 
the study in Chapter 3 discovered that the slab thickness did not correlate with the 
noise level. Although the current study did not conduct any indoor noise 
measurement, this study could partially support the previous suggestion, 
representing that the floor impact noise annoyance was not significantly correlated 
with the slab thickness. Second, Chapters 5 and 6 addressed that the self-reported 
noise sensitivity had significant impacts on both psychological and physiological 
responses to floor impact noise stimuli in laboratory settings. The current study 
validated this finding, showing the self-reported noise sensitivity had significant 
impacts on all the psychological responses to floor impact noise (annoyance, anger, 
and empathy) and the satisfaction with indoor noise environment in the field study. 
It was not reported in Subchapter 7.3 how noise sensitivity related to the blood 
pressure because it was not what the research questions of this study asked about. 
The mean diastolic blood pressure of the low noise-sensitivity group was 71.6 
(SD = 6.2) and that of the high noise-sensitivity group was 82.3 (SD = 4.8). The 
mean systolic blood pressure of the low noise-sensitivity group was 109.8 
(SD = 10.6) and that of the high noise-sensitivity group was 125.0 (SD = 7.2). In 
addition, there were significant differences between the two noise-sensitivity groups’ 
blood pressures. Hence, this study supported and extended the previous findings 
in Chapters 4 ~ 6 by revealing the impact of self-reported noise sensitivity on blood 
pressure. Third, Chapters 4 and 5 addressed the significant changes in the 
physiological responses during the floor impact noise exposures in the laboratory 
settings. Instead of the heart rate, electrodermal activity, and respiration rate, the 
current study measured blood pressure because it was the feasible measure for the 
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field study. In addition to the blood pressure measurement, this study also measured 
the self-reported quality of life in order to assess subjective health conditions of 
each participant. The results from this field study were in line with the findings in 
the previous studies as it was found that those who reported lower negative 
responses to floor impact noise (annoyance and anger) had lower blood pressure 
and better quality of life.  
7.4.1 Outdoor noise levels 
It was assumed that the outdoor noise would mask the indoor noise and 
thereby have impacts on the psychological responses to indoor noise. In order to 
test this, outdoor noise levels were measured and the annoyance ratings of outdoor 
noise were assessed using the questionnaire. The outdoor noise level did not have 
any relationship with the psychological responses to indoor noise. However, the 
annoyance of outdoor noises (e.g. road traffic noise annoyance) had significant 
positive correlations with the negative responses to floor impact noise (annoyance 
and anger). Those who reported higher annoyance of the outdoor noise consistently 
reported higher negative responses to the indoor noise. Therefore, there was no 
masking effect of the outdoor noise seen in this study. On the other hand, the self-
reported noise sensitivity might have impacts on the outdoor noise annoyance 
because it was found that those with higher noise sensitivity showed higher 
correlations between the psychological responses to indoor noise and the 
annoyance of outdoor noise. Additional independent samples t-tests were carried 
out and the results showed that the low noise-sensitivity group reported 
significantly lower road traffic noise annoyance (M = 2.3, SD = 1.9) than the high 
noise-sensitivity group (M = 4.0, SD = 2.8). The low noise-sensitivity group also 
reported significantly lower railway noise annoyance (M = 2.2, SD = 2.3) than the 
high noise-sensitivity group (M = 4.7, SD = 1.7). Further, the total annoyance was 
significantly lower from the low noise-sensitivity group (M = 3.3, SD = 1.7) than 
the high noise-sensitivity group (M = 5.7, SD = 2.1). These findings imply that the 
individual’s self-reported noise sensitivity played an important role when it comes 
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to the perceptions of noise. Furthermore, those who reported higher annoyance or 
anger to floor impact noise had higher blood pressure and reported worse quality 
of life. It can be assumed that various factors including indoor and outdoor noise 
exposures, and the noise sensitivity might integrate altogether and affect the blood 
pressure and the self-reported quality of life.  
7.4.2 Indoor noise levels 
Previous field studies on indoor noise mainly focused on sound insulation 
performance (Huang, 2014; Ljunggren et al., 2014; Baek et al., 2015; Ljunggren et 
al., 2017; Yeon et al., 2017). Therefore, they either did not concern real noise 
sources (Ljunggren et al., 2014; Ljunggren et al., 2017) or did not evaluate the 
subjective responses to the noise (Huang, 2014; Baek et al., 2015; Yeon et al., 2017). 
Ljunggren and his colleagues measured the sound insulation performances of floors 
using standard sources (e.g. tapping machine and impact ball) in different types of 
buildings (Ljunggren et al., 2014; Ljunggren et al., 2017). They also collected the 
occupants’ subjective responses to the noise but did not measure real noise sources 
such as human footsteps coming from upstairs. On the other hand, the present 
study paid attention to the residents’ subjective response to real indoor noises. 
Moreover, this study mainly focused on the slab thickness in order to test previous 
findings (Kimura, 1996; Jeon et al., 2006b; Huang, 2014; Baek et al., 2015). This 
study has revealed that increased slab thickness cannot guarantee better acoustic 
comfort because all the residents are exposed to different levels of noises according 
to their upstairs neighbours’ activities and behaviour as suggested in Chapter 3. 
Since the indoor noise levels were not measured in this study, it is inevitable that 
there is a need for performing research to show the relationship between the indoor 
noise level and the residents’ subjective reaction to noise. 
As just mentioned, the indoor noise measurement was not conducted in this 
study. This study rather adopted the slab thickness as one of the independent 
variables assuming that indoor noise level decreases as slab thickness increases 
(Kimura, 1996; Jeon et al., 2006b; Huang, 2014). The study examined whether the 
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slab thickness affected the subjective responses to floor impact noise. There was 
no strong trend between different the slab thicknesses and the subjective ratings. 
The participants living in buildings with the thinnest slab (150 mm) gave the highest 
annoyance rating, followed by those in buildings with the 210 and 180 mm slabs. 
In addition, the participants in buildings with the 210 mm slab expressed the highest 
anger, while the empathy rating of the participants in buildings with the 180 mm 
slab was greater than those in buildings with the 150 mm slab. These findings are 
not consistent with the previous suggestions made in laboratory studies in which 
the thicker slab thickness leads to the lower noise levels (Kimura, 1996; Jeon et al., 
2006b), and that the lower the noise levels result in lower annoyance ratings 
(findings from Chapters 4 and 5). Instead, the present study yielded further 
evidence supporting the findings of the prior field research (e.g. Yeon et al., 2017). 
As reported earlier in Chapter 3, an increase in slab thickness cannot guarantee 
better acoustic comfort with the lower noise levels or the fewer noise events in real-
life since the occurrence of neighbouring noise including floor impact noise is 
mainly affected by the neighbour’s behaviours and activities. Yeon et al. (2017) also 
reported that slab thickness had a minimal correlation with noise levels from a real 
impact source. Moreover, the results from the multiple linear regression analyses 
confirmed that the subjective responses to floor impact noise can be explained not 
just by the acoustic factors such as sound insulation performance from the slab 
thickness, but also by different non-acoustic factors (Park et al., 2016a). 
Furthermore, impact sound insulation performance is affected by various factors 
such as dynamic properties of resilient isolator and floor areas. In the present study, 
the resilient isolators of the Sites C and D had much lower dynamic stiffness 
compared to those of the Sites A and B which were built before the introduction 
of domestic guideline of sound insulation performance. In addition, previous 
studies (e.g. Lee, 2004) reported that the heavyweight impact sound insulation 
performances varied across floor areas for apartments with same floor structure 
and resilient material. Therefore, some particular features of each site and the 
participants need to be compared with one another in order to seek out any 
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potential factors affecting the subjective ratings. Moreover, experimental and 
numerical approaches (e.g. Hirakawa and Hopkins, 2018) could be used to predict 
the heavyweight impact sound insulation performances and to examine the links 
between objective characteristics and subjective responses. 
7.4.3 Financial investment 
One of the unexpected findings in this study was that the participants from 
Site C, which used the thickest slabs (210 mm), reported higher negative responses 
(annoyance and anger) than those from Sites B and D which used the thinner slabs 
(150 and 180 mm, respectively). This result implies that other socio-demographic 
variables might have affected the subjective responses. It has been known that 
house owners are concerned about local noise and expect future improvement 
more than renters. This is mainly because house owners financially invest more into 
the property than renters (Schreckenberg, 2008). House ownership is a long-term 
investment, so it is quite clear that investors are interested in maintaining and 
increasing the value of their investment (Friedrichs and Blasius, 2009). In this study, 
most of the participants from Sites A, B, and C were house owners, whereas all the 
participants from Site D were renters. As the results showed, house owners 
reported significantly higher annoyance and anger than renters. Given that most of 
the renters in this study were from one site (Site D), there is still a remaining 
question whether the renters in this study could actually be representative. Thus, 
further investigation is needed into this factor by recruiting the samples with wider 
ranges of factors. Given that the net floor area of residence is the biggest in Site C, 
the participants in Sites C must have a greater financial investment than those in 
the other sites. Therefore, residents who paid more for the properties might expect 
better acoustic comfort, more concern, and were more annoyed by noise in their 
dwellings (Fields, 1992; Miedema and Vos, 1999). Since this study did not ask the 
participants how much money they invested in their properties (e.g. house price and 
mortgage), future research could examine the impacts of the financial investment 
on the subjective responses. Given that this study found that noise sensitivity had 
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significant impacts on the responses, future research could also assess how financial 
investment associates with noise sensitivity. 
7.4.4 Sense of community and site layout 
Having conducted the study at the four different sites, there was a possibility 
that the layout of the sites might have affected the residents’ sense of community 
(Chavis et al., 1986; Seik, 2001). Contrary to other sites, each building in Site C was 
surrounded by fences with separated gates; in addition, 4 m trees were planted along 
the fences. This layout may improve the residents’ security and privacy. However, 
there might be a lack of social cohesion or sense of community, and consequently, 
the participants from Site C where the thickest slabs were used might have reported 
high annoyance and anger ratings. However, this is not in agreement with the 
previous findings, which reported that neighbours with more privacy complained 
less about one another (Engle Merry, 1993) and that a sense of community increases 
when people feel less crowded and have more privacy (Brodsky et al., 1999; Wood 
et al., 2010). The disagreement between this study and the previous research (Engle 
Merry, 1993; Brodsky et al., 1999; Wood et al., 2010) might be due to the different 
housing types. Contrary to the previous studies (Engle Merry, 1993; Brodsky et al., 
1999; Wood et al., 2010), this study focused on high-rise multi-family housings. The 
participants from Site A consistently gave higher annoyance and anger ratings and 
lower empathy ratings than those from Site B. The differences between Sites A and 
B can be explained in term of site layout. The playgrounds and relaxing areas (e.g. 
benches) of Site B were located in the middle of the site which was surrounded by 
the residential buildings. Thus, the participants in Site B might be easily mixed and 
encounter each other in this space. This design also might produce a high degree of 
enclosure and help to create places where people feel safe and comfortable. On the 
other hand, the communal areas of Site A were spread across a huge site, so it was 
less likely to expect social cohesion among the residents of the site. Besides, Site A 
had a much greater number of residences and buildings than Site B. The floor 
impact noise issue concerned only upstairs neighbours rather than considering 
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neighbours in different buildings. However, the floor impact noise issue should be 
understood as a community issue as a whole. It is because a lack of social cohesion 
in the community produces a negative or less positive attitude towards neighbours 
in general, which could affect the responses to noise from upstairs after all (Park et 
al., 2016a; Park et al., 2016b; findings from Chapter 6). Given that annoyance 
response is closely associated with less social cohesion (Meegan and Mitchell, 2001; 
Dzhambov et al., 2017), Lee and Park (2015) also suggested the potential impact of 
the sense of community on noise annoyance. The study focused on residents living 
in apartments, which was part of a Korean Government-funded project aiming to 
promote a sense of community. The study revealed that the residents in these 
apartments reported lower annoyance than those in other apartments which did not 
participate in the project (Lee and Park, 2015). This finding provided evidence that 
the improvement of social cohesion could reduce the residents’ complaints about 
neighbouring noise and annoyance. It was also reported that empathy towards their 
upstairs neighbours would reduce the negative responses to neighbouring noise 
(Park et al., 2016a; findings from Chapter 6). Empathy associates with social 
cohesion. For instance, Davies and Herbert (1993) earlier noted that the function 
of empathy or a sense of belonging is related to social cohesion or integration. 
Therefore, it would be logical to expect that improvements in the social cohesion 
with their neighbours would reduce potential conflict between neighbours 
regarding many problems, including the floor impact noise issue. 
7.5 Summary 
This study aimed to fulfil an existing need, as there was a lack of field 
research on subjective responses to floor impact noise (e.g. footstep noise of 
upstairs neighbours). Four sites with different slab thicknesses were recruited for 
on-site evaluations. One hundred residents from each site took part in the study, so 
a total of 400 responses were collected and analysed. A questionnaire was used to 
evaluate the residents’ annoyance, anger, and empathy perceived by floor impact 
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noise, satisfaction with indoor noise environment, and self-reported quality of life. 
In addition, the questionnaire contained question items regarding demographic 
characteristics, self-reported noise sensitivity, characteristics of the floor impact 
noise (e.g. major noise source), and annoyance of outdoor noise sources. Along 
with the questionnaire, blood pressure of the participants was measured. 
Furthermore, outdoor noise levels were measured at each site in order to investigate 
the effect of the outdoor level on the participants’ responses. The results showed 
that self-reported noise sensitivity and house ownership had significant impacts on 
the responses. There was no notable correlation between the slab thickness and the 
responses. This finding indicates that an increase in slab thickness was not enough 
to resolve the conflict of floor impact noise between neighbours. The characteristics 
of the floor impact noise (e.g. major noise source) also did not have any significant 
impact on the responses. The negative annoyance of outdoor noise (e.g. railway 
noise annoyance) had positive correlations with the negative responses to floor 
impact noise (e.g. annoyance and anger) which implied that the participants tended 
to rate both indoor and outdoor noise similarly. The negative responses to indoor 
noise had adverse effects on the self-reported quality of life and blood pressure. 
Table 7-16 presents the summary of the major findings of this study with the 
research question of the study. 
Table 7-16. The research question and the findings of this study. 
Research questions Findings 
▪ What factors have effects on 
the responses to floor impact 
noise? 
▪ House ownership and noise sensitivity influenced the 
psychological responses to indoor noise. Other personal 
factors did not show any relationship with the responses. 
▪ Characteristics of the house (e.g. slab thickness) and floor 
impact noise exposure (e.g. major noise source) did not 
show any relationship with the psychological responses. 
▪ The characteristics of the outdoor noise (e.g. outdoor noise 
levels) did not show any relationship with the psychological 
responses to indoor noise. However, the outdoor noise 
annoyance had positive correlations with the psychological 
responses to indoor noise. Thus, outdoor noise did not have 
any masking effect on the psychological responses to indoor 
noise. Moreover, noise sensitive participants reported higher 
annoyance of both indoor and outdoor noises. 
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8 Attitudes to neighbours and 
coping with their noise: 
A qualitative study 
8.1 Introduction 
Utilising the research methods of grounded theory, the author’s previous 
work developed a conceptual model to explain how residents in multi-family 
housing perceive and react to floor impact noise (Park, 2015b). The conceptual 
model contained the following concepts: noise exposure, disturbance, annoyance, 
coping, health risks, and intervening conditions. The studies in Chapters 3 ~ 7 could 
test and validate some of the concepts such as annoyance, health risks, and noise 
sensitivity which was one of the intervening conditions. However, another 
intervening condition suggested in the model, attitude towards neighbours, and 
coping still remain unclear when it comes to their impacts on residents’ responses 
to the noise. Utilising the grounded theory methods again this time, this study 
particularly focused on investigating these factors. It aimed to investigate the 
relationship between how residents cope with neighbour noise and their attitudes 
towards the neighbours. Residents in multi-family housing are dominantly exposed 
to neighbour noise. Similar to other environmental noises, there are a number of 
acoustic and non-acoustic variables affecting subjective responses to the noise. This 
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paper particularly focuses on the relationship between the way residents cope with 
neighbour noise and their attitudes to the neighbours who caused the noise. 
Utilising grounded theory methods, in-depth interviews with 57 residents in multi-
family housing were carried out. The study examined how residents developed 
different attitudes towards their neighbours, what factors had influences on the 
attitudes, and how the different attitudes led to different copings. The study was 
conducted based on the following research question and objectives as shown in 
Table 8-1. 
Table 8-1. The research question and objectives of the present qualitative study 
Research questions Objectives 
▪ What factors have effects on the responses to 
floor impact noise? 
▪ To investigate how different attitudes result in 
different copings. 
▪ To investigate factors which have impacts on 
the individual’s attitude. 
8.2 Methods 
8.2.1 Data collection and analysis with grounded theory methods 
The whole procedures of data collection and analysis were conducted based 
on grounded theory methods (Glaser and Strauss, 1967). While the data were being 
collected, the data were simultaneously synthesised and conceptualised, and again 
interacted with the emerging ideas. The interview transcripts were manually coded 
line by line using the interviewee’s own words and immediate expressions. The 
codes were developed into conceptualised ideas, which were then grouped with 
descriptive labels, namely concepts. As the grounded theory methods conduct the 
data analysis by the conceptualisation of data, concepts are the basic building blocks 
in grounded theory construction (Pandit, 1996). The emerged concepts were 
compared with the raw data (e.g. transcripts) and memos again several times. Since 
the data collection and analysis phases were carried out simultaneously, the 
emerging analyses not only shaped the idea but also were refined by the further data 
collection. The concepts were then developed into a model showing the paradigm 
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among them (Corbin and Strauss, 2008). This study also focused on identifying 
various conditions. Conditions refer to a wide range of factors that cause the 
phenomenon, influence the causal impact, or create a set of circumstances in which 
the individual responds through actions and interactions (Corbin and Strauss, 2008). 
8.2.2 Participants 
This study carried out in-depth interviews with residents living in multi-
family residential buildings in South Korea. Duration of the interviews ranged from 
1.5 to 3 hours. In the procedure of studying, conceptualising, and understanding 
the relationship between coping and attitude, there were various conditions 
emerged. New participants were recruited and interviewed until the author was 
confident that saturation was attained and no more ideas were emerging (Corbin 
and Strauss, 2008). The interviews were carried out with a total of 57 participants. 
None of the participants had hearing disabilities. As Table 8-2 lists, age of the 
interviewees ranged from 24 to 65 (M = 39.4; SD = 7.5). Twenty-six of them were 
males. Twenty-nine interviewees had lived with one or more children in their homes. 
More than half of them (31 interviewees) had made complaints regarding their 
current neighbours’ noise. Each interviewee’s information can be found in 
Appendix 6. 
Table 8-2. Information about the interviewees (N = 57). 
  Number  % 
Age 20s 3 5.3 
30s 26 45.6 
40s 25 43.9 
50s 1 1.8 
60s 2 3.5 
Gender Male 26 45.6 
Female 31 54.4 
Child(ren) at home Yes 29 50.9 
  No 28 49.1 
House ownership Owned 41 71.9 
  Rented 16 28.1 
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  Number  % 
Length of residency [year] Less than 1 7 12.3  
1 ~ 2 11 19.3  
2 ~ 5 19 33.3  
5 ~ 10 10 17.5  
10 ~ 15 5 8.8 
  More than 15 5 8.8 
Noise complaint experience Yes 31 54.4 
No 26 45.6 
 
8.2.3 Procedure 
The interviews were carried out individually with each interviewee. Before 
obtaining informed consent, the author explained the purpose of the study, 
answered the interviewee’s questions, and asked permission to audio-record the 
interview. Interviews were audio-recorded, transcribed verbatim, translated into 
English, and then checked for data accuracy. The interviewee was assured of 
complete anonymity, and all transcripts were pseudonymised. Each interviewee 
received KRW 30,000 (approximately GBP 20) gift card for the participation. 
8.3 Results and discussion 
8.3.1 From noise exposure to consequence 
The experience of neighbour noise exposure can also be explained using 
several key concepts which closely interact with each other. Figure 8-1 describes 
the connections between the key concepts obtained from the interviews based on 
the existing stress theory as suggested by Lazarus and Folkman (1984). The key 
concepts are (1) attitude towards their neighbours, (2) conditions, (3) annoyance, 
(4) coping, and (5) consequence. Previously, the attitude towards neighbours was 
suggested as being one of the intervening conditions (Park et al., 2016a). However, 
this study described them separately in order to focus on attitude. Conditions and 
attitude have a reciprocal relationship, and they also have reciprocal connections 
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with annoyance and coping. Annoyance is one of the major responses to floor 
impact noise as suggested in the previous studies (Chapters 3 ~ 7) which strongly 
correlates with various emotional changes (Chapters 6 and 7). Annoyance results in 
coping which includes cognitive and behavioural coping strategies (Habarth et al., 
2009). Cognitive coping is an indirect strategy, whereas behavioural coping is a 
direct problem-solving behaviour (Folkman and Lazarus, 1988). The behavioural 
coping strategy consists of avoidant (e.g. going out to avoid noise exposure) and 
vigilant coping, such as making a phone call to the neighbours (Park et al., 2016a). 
Coping leads to consequence, which indicates the different outcomes of the 
problem (e.g. not changed or solved). As described in Figure 8-1, the consequence 
could influence the attitude towards neighbours, other conditions, annoyance, and 
coping. This paper particularly focuses on discussing the inter-relationships 
between three key concepts: attitude towards the neighbours, conditions, and 
coping. 
 
Figure 8-1. Relationships between the key concepts describing the experience of 
exposure to neighbour noise. The concepts which this study has 
focused on are marked with thicker borders. 
8.3.2 How residents feel about their neighbours 
The interviewees expressed what they think about their neighbours and their 
reactions involved verbal expressions, coping strategies, and the tone of their voices 
Neighbour noise 
exposure
Annoyance
Coping
Consequence
Attitude towards 
neighbours
Conditions
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or facial expressions. The interviewees reported a wide range of reaction (affect) 
towards their neighbours, depending on their experience and relationship with their 
neighbours. Some of their affect was positive, whereas others had negative feelings 
about their neighbours. It was also observed that the affect towards the neighbours 
varied in terms of its intensity. Therefore, it was assumed that the attitude towards 
one’s neighbours can be explained by the affect towards their neighbours and the 
intensity. Sample quotes from the interviewees in Table 8-3 show both positive 
affect and negative affect with their intensity. First, the table shows positive affect 
from three interviewees (#7, #44, and #34). Interviewee #7 expressed strong 
positive affect by saying that she was lucky to have such “good friends”. Interviewee 
#34 also expressed positive affect towards her neighbours, but the intensity was 
quite weak in comparison to the expression of Interviewee #7. She said that she 
did “not know much about” her neighbours, indicating a weak relationship with 
them. Interviewee #44’s positive affect can be positioned between that of 
Interviewee #7 and Interviewee #34 in terms of intensity. On the other hand, 
Interviewees #46, #50, and #32 expressed negative affect towards their neighbours. 
Interviewee #46 strongly expressed her negative views on her neighbours. She did 
“not want to see” her neighbours anymore and hoped that they would move out. 
She shared her thoughts about the neighbours in an angry voice throughout the 
interview. Interviewee #32 also reported negative affect towards their neighbours, 
but the intensity was weaker than that of Interviewee #46. Full quotes from the 
individual interviewees can be found in Appendix 6. 
Table 8-3. Sample quotes from the interviewees showing their affect towards their 
neighbours. 
No. Quote Affect Intensity 
7 “I’m lucky to have such good friends as my neighbours.” 
Positive 
Strong 
44 “They are quite nice people. I am totally fine with them.” ~ 
34 “I’m fine with them ... I don't know much about them.” Weak 
46 “I don’t want to see them. I really hope they’ll move out.” 
Negative 
Strong 
50 “He says they [neighbours] are very rude.” ~ 
32 “I sometimes don’t understand them.” Weak 
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The diagram in Figure 8-2 was developed based on the interviewees’ affect 
towards their neighbours and its intensity. Figure 8-2 illustrates that residents may 
consider their neighbours as an enemy, friend, or stranger/acquaintance depending 
on the strength of the positive or negative affect towards the neighbours. The affect 
towards the neighbours can be located between negative and positive, while the 
intensity ranges from weak to strong. Neighbours can be strangers or acquaintances 
if the intensity of the affect is not strong. Strangers or acquaintances can be felt as 
negative, positive, or somewhere in between based on various conditions. The 
neighbours can be seen as an enemy if the residents feel negative affect with strong 
intensity. On the other hand, residents can see their neighbours as friends when the 
affect is positive with strong intensity. 
 
Figure 8-2. Residents’ attitudes towards their neighbours in terms of affect and 
its intensity. 
8.3.3 How the attitude is formed 
“I am very sensitive to noise ... I can’t concentrate if somebody starts 
talking or whispering to someone at the library ... but I’m fine with the 
people upstairs. I can hear their footsteps but it doesn’t bother me ... I think 
I’m okay with low-frequency noises.” (#1) 
Enemy Friend
Stranger / Acquaintance
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Affect
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k
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The attitude towards one’s neighbours could be formed by the influences of 
various conditions. For example, as the quote above shows, Interviewee #1 mainly 
talked about noise sensitivity and the type of noise source. He said he was “very 
sensitive to noise” but he was “fine” with his current upstairs neighbours because 
he was “okay with low-frequency noises”. There were different conditions reported 
by different interviewees and all of those conditions had significant impacts on their 
own attitudes towards their neighbours. Many of the conditions found in this study 
were in accordance with the existing suggestions of those which have significant 
impacts on subjective responses to noise (e.g. Lercher, 1996; Guski, 1999; Stallen, 
1999; Laszlo et al., 2012). Table 8-4 lists the conditions categorising them into non-
acoustic and acoustic factors. The non-acoustic factors are then categorised into 
demographical, personal/social, and situational factors based on the review 
provided by Laszlo et al. (2012). The list in the table is sorted in alphabetical order 
in each category. 
Table 8-4. Conditions influencing the attitude towards the neighbours. 
Non-acoustic 
factors Demographical ▪ Children at home ▪ Length of residency 
Personal/social ▪ Attitude shown by the neighbours 
▪ Attitude towards the house 
▪ Belief/expectancy 
▪ Noise sensitivity 
▪ Past experience/history 
▪ Predictability/uncertainty of noise exposure 
▪ Priority/goal 
Situational ▪ Children at the neighbours home 
▪ Hours spent at home 
▪ Time of noise exposure 
Acoustic 
factors 
 
▪ Ambient noise 
▪ Frequency/interval of noise exposure 
▪ Length/duration of the noise event 
▪ Noise level 
▪ Noise source 
 
The interviews were carried out with open-ended questions so the 
interviewees expressed their personal experiences, thoughts, and feelings using their 
own terms and in their own ways. The whole interviews were led by their own 
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narratives and the author did not guide them to talk about certain topics. As a result, 
three of the conditions became conspicuous from the interviews. Hence, this 
chapter places emphasis on the three conditions. The first condition is the attitude 
shown by neighbours. The second condition is past experience/history. The third 
condition is the predictability/uncertainty of noise exposure. Appendix 6 presents 
additional interview quotes which implied other conditions shown in Table 8-4. 
8.3.3.1 Attitude shown by neighbours 
“I had bad experiences [with previous neighbours] when I lived in my 
previous house ... I called the police one night ... I was really, really angry ... 
I had already called the management office so many times ... The 
relationship [between the neighbours and me] got worse since then ... So I 
didn’t want to talk to them [the current neighbours] when they moved in. 
Who knows? They could be the same [with previous neighbours]. But they 
[the current neighbours] seem okay, [they are] quite friendly.” (#15) 
Interviewee #15 changed his attitude due to the attitude which was shown 
by his neighbours (“they seem okay, [they are] quite friendly.”). This implies that 
his positive attitude towards his neighbours was formed because they seemed “quite 
friendly”. This section particularly discusses the impact of the attitude shown by the 
neighbours by assuming that it has a significant reciprocal inter-relationship with 
the interviewees’ attitude towards their neighbours. 
“I’ll always remember the date and time, it was October 21st two years ago, 
it was 1:15 am. I went upstairs, knocked on the door and rang the bell 
several times until she opened the door. I told her they had been very noisy 
for many hours and that it was too late. However, she stopped me talking 
and shouted at me, saying that I didn’t know how to get along with 
neighbours in this type of housing. I came back [home] and called the 
police ... They have been noisy so many times and I have put up with them 
for so long. The management office had contacted them several times 
before but they never changed ... We don’t see each other even in the same 
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lift. I don’t want to see them. I really hope they’ll move out ... I haven’t 
seen anyone like them before.” (#46) 
Attitude is a separate entity from emotion, cognition, and behaviour (e.g. 
Breckler, 1984; Crites Jr et al., 1994). Emotion and cognition refer to the feelings 
(positive or negative) and belief that the individual hold towards an object. 
Behaviour indicates the overt actions and responses to the object (Fabrigar et al., 
2005). Attitude is a general evaluative summary of the information derived from the 
emotion, cognition, and behaviour (e.g. Breckler, 1984). As the quote above implies, 
Interviewee #46 had built a negative attitude towards her neighbours. The negative 
attitude was formed by the chronic noise exposure (“so many times”), by putting 
up with them “for so long”, by having made noise complaints “several times”, and 
experiencing the goal blockage (“they never changed”). The attitude shown by her 
neighbours late at night would have had a significant impact on her attitude 
formation. Her neighbour “stopped” her talking and shouted at her, saying that she 
“didn’t know how to get along with neighbours”. The behaviours shown by the 
neighbour involved negative emotional expressions. In particular, the anger 
expressions from the neighbour would have had an impact on the interviewee’s 
emotion, cognition, and behaviour (van Kleef et al., 2011). First, Interviewee #46 
developed anger and hatred (emotion) towards their neighbours. These emotions 
were easily identified from her tone of the voice during the interview, especially 
when she talked about her experience, particularly that on the day of the incident. 
Second, she believed that the neighbours were wrong. Fritz (1958) proposed the 
attribution theory, consisting of internal and external attributions. Internal 
attribution directs the cause of a certain behaviour or incident towards something 
within the individual (e.g. personality of the person), whereas external attribution 
directs to something external (e.g. situational factor). Interviewee #46 blamed the 
neighbours by adopting internal attribution (e.g. “I haven’t seen anyone like them 
before”). Lastly, the anger expression of the neighbour led her to call the police 
(behaviour) and the perceived emotion and cognition resulted in certain patterns of 
behaviour (e.g. not making any eye-contact with them). 
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“Who can spit at a smiley face? ... They brought some fruit when they first 
moved in and apologised as they have children ... they have brought cakes, 
juice, fruit since then ... I’ve told them that they do not need to do so [bring 
something] several times but they keep bringing something and keep 
apologising every time I see them in the lift ... I know they are good people, 
but I think I’m quite sensitive ... Sometimes, when I’m tired, I’m annoyed 
by the noise of kids running, but I just can’t tell them. I feel sorry.” (#49) 
Interviewee #49 could not make any complaint to their neighbours, even 
though she had been annoyed by the noise of the children upstairs running. She 
had chosen the internal attribution, directing it towards herself (“I know they are 
good people, but I think I’m quite sensitive”). This was mainly because of her 
neighbours’ attitude. The neighbours had been apologetic since they first moved in. 
Their apologetic attitudes were expressed by their behaviour. The neighbours were 
that they kept “bringing something” to her and “apologising” every time she met 
them in the lift. The neighbours’ attitude of being apologetic and the consistency 
of the attitude influenced her attitude formation. The neighbours’ attitude made her 
reluctant to “spit at a smiley face” and so she adopted the internal attribution 
regarding her annoyance. The quote above shows that there was another condition, 
priority, which could also have had an impact on her attitude. Interviewee #49 
might have chosen to adopt internal attribution because her priority to maintain the 
positive relationship with the neighbours (“good people”) was greater than the one 
to reduce her annoyance.  
8.3.3.2 Past experience/history 
In the previous section (Subchapter 8.3.3.1), the quote of Interviewee #15 
was presented. When Interviewee #15 was living in his previous house, he 
experienced anger due to the continuous noise from his previous neighbours 
(emotion) and called the police (behaviour). This experience made him believe that 
other neighbours would be the same (cognition). Thus, Interviewee #15 presented 
a negative attitude towards the current neighbours at first based on the information 
derived from his past emotion, cognition, and behaviour.  
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“I don’t mind it. They [children upstairs] are just kids and it’s very difficult 
to control them, I know that. My children did the same, kids just run all the 
time.” (#56) 
Interviewee #56 also developed her attitude towards her neighbours based 
on her personal history. The experience of living with children in the past had made 
her understanding of the children’s noise from upstairs (“My children did the same, 
kids just run all the time”). This quote also supports the previous finding that those 
living with children are likely to be more empathetic to children’s noise when it is 
coming from their neighbours (Park et al., 2016a). Given that children’s footstep 
noise was one of the most common noise sources in multi-family residential 
buildings (Chapter 3), the residents living with children or those who have 
previously lived with children may be also more empathetic to other noises from 
their neighbours. This is because shared experience develops an individuals’ 
empathy (Hodges et al., 2010).  
“I’ve asked the [management] office quite a few times to ask them 
[neighbours] to be quiet. She [management officer] said they would [stop 
making noise] ... I ended up calling them [neighbours] last night as they 
didn’t stop [making noise] ... I think I’ll be very upset if I have to ask them 
to be quiet again. I’ll have to wait and see.” (#40) 
Individuals’ attitudes are consistently formed and developed based on their 
belief in relation to their memory (Ajzen and Fishbein, 2000). The above quote 
implies that the negative attitude towards the neighbours gradually developed, as 
Interviewee #40 had repeatedly complained about the noise. In particular, she had 
heard the noise even after the management office contacted her neighbours. This 
example could be explained using the expectation-disconfirmation approach 
(Oliver, 1977). According to the expectation-disconfirmation theory, a positive 
disconfirmation occurs when the outcome is perceived to be better than expected. 
On the other hand, a negative disconfirmation occurs when the outcome is 
perceived to be worse than expected. As shown in the quote above, Interviewee 
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#40 showed a negative disconfirmation because the actions of the neighbours did 
not meet her expectations and goal, which is referred to as an outcome that is 
personally significant (Lazarus, 1991; Scherer, 2001). Moreover, the accumulated 
experiences of negative disconfirmation might have changed her behaviour 
(“I ended up calling them”). She could contact the neighbours directly in the future 
rather than doing the same as before (i.e. indirect complaint). Her past experience 
also led her to develop the emotion of anger (“I think I’ll be very upset if I have to 
ask them to be quiet again.”) because anger is evoked when goals are blocked (Lewis, 
1993). 
8.3.3.3 Predictability/uncertainty of noise exposure  
“They are quite nice people. I am totally fine with them ... they always come 
down and tell us in advance if something’s happening, like a family 
gathering or a party with friends ... [neighbours have people around] once 
every month or two.” (#44) 
The quote above also emphasises how the neighbours’ attitude helps to 
develop the resident’s attitude. The positive attitude of Interviewee #44 would have 
been influenced by his neighbours’ attitude and behaviour. This is because the 
neighbours had (1) always (2) come downstairs and (3) told him about the 
occurrence of noise events in advance. However, in addition to the attitude shown 
by the neighbour, the predictability of the noise event was also influenced the 
interviewee’s attitude. The interviewee could “always” predict the time and type of 
noise event. In addition, the noise exposure was not frequent since the noise events 
occurred “once in a month or, every two months”. Thus, a predictable noise from 
the neighbour would have been less annoying than noise from an unknown origin 
(Levy-Leboyer and Naturel, 1991). Other previous studies have also reported that 
unpredictable stressors evoke negative mood states and a high level of arousal (e.g. 
Berkowitz, 1969; Poulton, 1978). Compared to predictable stressors, unpredictable 
stressors are more threatening. Thus, unpredictable stressors require a greater 
degree of adaptation which involves a greater amount of adaptive effort in turn 
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(Glass and Singer, 1972). Moreover, as individuals monitor the potentially 
threatening stressors in order to evaluate their adaptive significance and to decide 
on appropriate coping responses, prolonged exposure to such stressors may result 
in cognitive fatigue (Cohen and Spacapan, 1978). Accordingly, for Interviewee #44, 
the adaptive effort was not frequently required and there was a low risk of cognitive 
fatigue.  
8.3.4 How attitude results in coping 
It was observed that the most commonly adopted coping strategy was 
making a complaint. More than half of the interviewees had made complaints about 
their neighbours’ noises. Details of the complaints made by each interviewee have 
been listed in Appendix 6. Specifically, there were various ways of making 
complaints about neighbour noise and there were different degrees of complaints. 
Some residents had made complaints to management offices or to the local 
authorities (indirect complaint), whereas others had complained directly to the 
neighbours by visiting their houses or hitting the ceiling in order to make 
a retaliatory noise. Those who had not made any noise complaints used other 
coping strategies. For example, they tried to find something to distract them from 
noise exposure such as watching TV or going out for a walk. However, there were 
still some who had not undertaken any action and merely put up with the noise 
exposure. People’s attitudes guide and motivate their thoughts and behaviour 
(Eaton et al., 2008). The residents’ different attitudes towards their neighbours 
guided and motivated them to choose different coping strategies, including 
cognitive and behavioural copings. Table 8-5 summarises the different coping 
strategies along with different attitudes. There are three major coping strategies 
(cognitive, avoidant, and vigilant coping) associated with the different types of 
complaint and action details. Furthermore, three different attitudes in Figure 8-2 
were added to this table in order to suggest the impact of attitude on copings. 
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“I went upstairs on the day I was moving in. I brought some cake. They 
asked me to come in and we spent about an hour talking, having tea and 
the cake I brought ... I’m lucky to have such good friends as my 
neighbours ... I can understand [the noise exposure]. Everyone makes noise 
in their everyday life.” (#7) 
“They are very social, we became friends not so long after they moved in ... 
I just call them and say ‘hey, can you please be quiet?’” (#24) 
Those who regarded their neighbours as friends tended to take no action, 
but they were understanding and empathetic (cognitive coping). Empathy is an 
attempt at understanding the subjective experiences of another person without 
prejudice (Wispé, 1986). This attitude leads individuals to build or maintain 
a positive relationship with others (Zaki and Ochsner, 2016). Therefore, one of 
their priorities may be to build or maintain positive relationships with their 
neighbours. Interviewee #7 “brought some cake” to her neighbours on the day that 
she moved in. Her action implies that her priority was to build a good relationship 
with her neighbours. The neighbours’ response and behaviour (“They asked me to 
come in”) also contributed to building a constructive relationship. This case again 
confirms the impact of the positive attitude shown by the neighbours. Residents 
can still be annoyed by noise from the neighbours who are regarded as a ‘friend’. 
However, as presented in the quote of Interviewee #24, the reaction will be 
different from the reaction to noise from neighbours who they have a negative 
relationship (e.g. ‘enemy’). The tone of the complaint would be in a friendly way 
and noise complaints between friends can be understood as ‘asking for a favour’ 
rather than ‘making a complaint’. 
“I’ve done everything ... Anything I can do to solve this problem ... I’ve 
called the centre [Floor Noise Management Centre] and they said they 
could come and measure the noise level and see if the levels exceed that in 
the regulation ... that means they [upstairs neighbours] should make noise 
when the people from the centre come. How can I predict they [upstairs 
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neighbours] will make noise? I have no idea when they are going to make 
noise, that’s why I get crazy ... It seems the centre is for those who have 
problems between neighbours to mediate the disputes.” (#51) 
Those who consider their neighbours as strangers or acquaintances will take 
on a wide range of coping strategies. If they have a positive affect towards the 
neighbours, then they are likely to use cognitive and avoidant coping strategies. 
Cognitive coping includes empathy and repression; those who have empathy with 
their neighbours are actively and pleasantly understanding their neighbours, while 
people who have repression tend to be passively understanding and put up with the 
noise without taking action. Avoidant coping strategies include several actions 
which may not be recognised by the neighbours. For example, some people choose 
to go out and have a walk or turn on the TV or radio which can be used to distract 
themselves from the noise. Others take noise cancelling actions such as using 
earplugs. They may or may not contact the management office (indirect complaint) 
or the neighbours themselves, but it would be in a polite way. The coping strategies 
transform into being more direct and unfriendly as the attitude becomes more 
negative. As noted earlier, the changes in the affect are influenced by different 
conditions (e.g. past experience of noise exposure). Table 8-5 presents that residents 
who regard their neighbours as strangers or acquaintances with a negative affect are 
likely to choose actions to cope with the noise. For instance, Interviewee #51 tried 
many things, covering not only cognitive strategies but also most of the behavioural 
coping strategies. Since his main goal was to solve the noise problem, he had done 
“anything” he could to solve the problem. 
“They made me crazy. They never stop ... I think I can understand why 
those people on TV killed their neighbours. I’m not saying I want to do 
something to harm them [upstairs neighbours] but I’m just saying that I 
know how they [people on the news who committed the crime to their 
neighbours] might have felt ... There are many holes in my ceiling as I’ve 
hit my ceiling with a golf club. I know it’s destroying my house ... I can’t 
put up with them. I’m 100 per cent sure they make noise intentionally ... 
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jumping with shoes, heels! Have you seen anybody wearing shoes in their 
house ... It’s a headache ... I think of what I should do with them every 
day ... I’ve installed three loudspeakers on my ceiling. They work quite 
well ... I turn them [the speakers] on if they [neighbours] are noisy at night.” 
(#35) 
For neighbours who are regarded as enemies, people are likely to choose 
more vigilant coping strategies. They may not choose coping strategies which are 
not recognised by their neighbours because their coping behaviours aim to express 
their anger and threaten their neighbours (e.g. retaliatory actions). Their tone and 
gestures of complaints become more aggressive as the affect gets more negative. 
Individuals perceive anger when they judge attacking as a viable option to restore 
the unfavourable situation (Lazarus, 1991). Anger is associated with a desire to 
change the situation and an aggressive tendency against the person who is seen 
to cause the goal blockage (van Kleef et al., 2010). Interviewee #35 had hit his 
ceiling with a golf club and played noise via three loudspeakers as retaliatory actions. 
He also said that he could “understand why those people on TV killed their 
neighbours”. His negative attitude towards his neighbours and his retaliatory 
actions can be partially explained by the attitude shown by his neighbours. He 
believed that the neighbours had made intentional noise because he had heard 
jumping noises with shoes on, which is unlikely in Korea. The inappropriate attitude 
of the neighbours would have deepened his negative attitude, and consequently 
resulted in more revengeful behavioural coping strategies. 
8.3.5 General discussion 
This study has explored the attitudes towards their neighbours, the coping 
strategies used, and the broader conditions. However, further study is required to 
investigate the residents’ coping methods. First of all, it is still questionable whether 
or not residents choose different coping strategies based on their neighbours’ 
demographic characteristics. Since the individual’s attitude towards some 
characteristics (e.g. gender) have been found to involve prejudice and stereotype 
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(Eagly and Mladinic, 1994), further research could examine how attitude and coping 
vary according to the neighbours’ demographic qualities. Second, the residents in 
multi-family residential buildings are living in the same community and 
neighbourhood. It has been known that a sense of community or social cohesion 
has an important role in increasing social interaction between neighbours (Unger 
and Wandersman, 1985; Farrell et al., 2004; Kim and Kaplan, 2004). Future research 
could test the existing suggestions to see if a sense of community increases social 
ties and supportive acts between neighbours (Skjæveland et al., 1996; Henry et al., 
2014; Rollwagen, 2016), and thereby if the sense of community has a potential 
impact on resolving disputes and conflict between neighbours. Third, it has been 
known that various situational factors have an impact on how individuals manage 
their interpersonal conflicts (e.g. Rahim, 1986; Volkema and Bergmann, 1995). 
The different styles of conflict management have been classified into five styles in 
a model with two dimensions of concern; for others (i.e. cooperativeness) and 
concern for the self (i.e. assertiveness). It is worth adopting the idea that when 
future research focuses on neighbourly disputes and conflict. Fourth, this study has 
presented a paradigm between the key concepts based on the transactional model 
of stress as suggested by Lazarus and Folkman (1984). The model originally includes 
the secondary appraisal. As a secondary appraisal, environmental noise studies have 
suggested that perceived control has a significant impact on coping (e.g. van Kamp, 
1990; Lercher, 1996; Botteldooren et al., 2016). Future research could investigate 
how to properly measure perceived control related to neighbour noise, and how 
much perceived control influences the residents’ reaction to the noise. The 
assessments of perceived control are expected to extend the existing understanding 
of the diverse responses to neighbour noise.  
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8.4 Summary 
Attitude towards environment noise has been reported to influence 
subjective responses and coping strategies. However, no attempt has been made to 
understand the attitude towards noise source in the research field of neighbour 
noise. This study aimed to fill the gap in the existing research by investigating the 
role of attitude towards neighbours. Utilising a qualitative approach of grounded 
theory methods, in-depth interviews with 57 residents in multi-family housing were 
carried out. This study explored how residents’ attitudes towards their neighbours 
would be formed. The study proposed that the residents’ perceived affect towards 
their neighbours (positive or negative) and its intensity (from weak to strong) had 
impacts on their attitudes towards their neighbours. The attitudes displayed towards 
the neighbours were grouped into stranger/acquaintance, friend, and enemy in 
terms of the affect and intensity. Among the various acoustic and non-acoustic 
conditions affecting attitudes, this chapter particularly highlighted the impact of the 
following three conditions: attitude shown by the neighbours, past 
experience/history, and predictability/uncertainty of noise exposure. This study 
also investigated how different attitudes resulted in different coping. The coping 
strategies consisted of cognitive coping and behavioural coping. Cognitive coping 
included repression and empathy, while behavioural coping included avoidant 
copings (e.g. using earplugs or going out) and vigilant copings (e.g. making direct 
noise complaints to the neighbours or making a retaliatory noise). The findings in 
this study confirmed and extended the previous research findings by demonstrating 
the significant role of attitudinal variable and the close relationship between the 
attitudinal variables and coping. Table 8-6 summarises the major findings of this 
study with the research question of the study. 
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Table 8-6. The research question and the findings of this study. 
Research questions Findings 
▪ What factors have effects on 
the responses to floor impact 
noise? 
▪ Different attitudes led to different coping strategies from 
cognitive to behavioural (avoidant and vigilant) copings. 
▪ The individual’s perceived affect towards their neighbours 
(positive or negative) and its intensity (from weak to strong) 
formed the attitude towards the neighbours. The study 
divided the attitudes into enemy, friend, or 
stranger/acquaintance. 
▪ Attitudes shown by the neighbours, past experience/history, 
and predictability/uncertainty of noise exposure led to form 
the individual’s attitude towards neighbours. 
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9 Conclusion 
9.1 Findings of the research 
This research work consists of six different studies. The studies were carried 
out in order to answer the three main research questions which were introduced in 
Subchapter 1.2.1. 
9.1.1 Research question #1 
What kinds of indoor noise would be heard from real residences 
in heavyweight multi-family housing buildings? 
 Various noise sources were identified from the data. Given that 
each house showed different noise characteristics, not only slab 
thickness but also many other acoustic and non-acoustic factors 
would have impacts on the noise events. Different noise sources were 
exposed at different noise levels so future research may apply that and 
design the noise stimuli using various ranges of noise levels. 
This question was mainly answered by investigating various noise events in 
real houses and identified each noise event’s characteristics (e.g. noise level, noise 
source, noise length, and the number of occurrences). The overall LAeq ranged from 
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20.8 to 45.7 dBA for 24 hours and the overall LAFmax ranged from 48.8 to 87.1 dBA 
for 24 hours. The identified indoor noise included different airborne and structure-
borne noises. Airborne noise included the following noise sources: PA system, 
domestic equipment, adult’s voice, children’s voice, and others (e.g. musical 
instrument). Structure-borne noise contained heavyweight and lightweight impact 
noises. The heavyweight impact noise was comprised of adult's walking, children's 
running, and children's jumping. For the lightweight impact noise, the study 
identified movement of furniture, small object dropping, small object scraping, 
door banging, plumbing system, and hammering. The highest and lowest LAFmax of 
structure-borne noise sources were generated by hammering and plumbing system, 
respectively. The noise level of the plumbing system considerably increased when 
LAE was derived because of its long length. The greatest number of occurrence was 
identified with the following four noise sources: adult’s walking, children’s running, 
movement of furniture, and dropping of small objects. Median lengths of these four 
noises were from 5.5 to 31 seconds. Lengths of all the noise events ranged from 1.3 
to 1,683 seconds. The shortest median and mean lengths were made by the door 
banging. The longest median and mean lengths were generated by the plumbing 
system. The slab thickness did not correlate with the noise characteristics and thus, 
other physical characteristics, as well as neighbours’ activities, need to be considered 
as important determinants for the indoor noise events. 
9.1.2 Research question #2 
How do people respond to floor impact noise psychologically 
and physiologically? 
 The noise exposure increased noticeability, annoyance, and 
negative emotions (anger, dislike, and pain). It also evoked changes in 
HR, EDA, and RR implying potential adverse health effects. Blood 
pressure and health-related quality of life were affected by how 
residents perceive the indoor noise heard from their homes. 
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First of all, the laboratory studies examined noticeability and annoyance 
perceived by floor impact noise stimuli (i.e. psychological responses), as well as 
heart rate, electrodermal activity, and respiration rate responses to floor impact 
noise stimuli (i.e. physiological responses). The stimuli presentation had significant 
impacts on all the responses. As noise levels increase, noticeability and annoyance 
increased, heart rate decelerated, electrodermal activity increased, and respiration 
rate accelerated. Then the changes in emotions were examined when the floor 
impact noise stimuli were heard. Four emotion clusters were classified: anger, dislike, 
pain, and empathy. The emotion clusters were then tested in a laboratory setting. 
The emotion clusters were affected by the noise level and significantly correlated 
with annoyance. The findings were tested and validated in the following field study. 
In addition, blood pressure and health-related quality of life were influenced by 
annoyance, emotions, and indoor noise satisfaction. It was found that those who 
reported higher negative responses to floor impact noise had higher blood pressure 
and reported worse quality of life. However, the quality of life and blood pressure 
could not be regarded as the ‘responses to floor impact noise’ because there were a 
number of intertwined factors affecting the quality of life and blood pressure. 
9.1.3 Research question #3 
What factors have impacts on the responses? 
 Different noise levels changed noticeability, annoyance, and 
emotions. However, their impacts on the physiological changes 
remain unclear. Different impact noise sources had impacts on 
noticeability and annoyance but not on the physiological responses. 
Noise sensitivity showed significant effects on all the responses. 
Attitude to neighbours and some socio-demographic factors (e.g. 
house ownership or financial investment) were discussed as 
important factors but further investigations are needed. 
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In order to find answers to this question, various acoustic and non-acoustic 
factors were tested in different studies. First, Chapter 3 examined the effect of slab 
thickness on the noise level which potentially had impacts on the psychological and 
physiological responses. The study found that the slab thickness did not have any 
correlation with the noise level. Later Chapter 7 partially supported this result by 
showing that there was no significant impact of the slab thickness on the 
psychological responses to indoor noise. Second, Chapters 4 ~ 6 assessed the effect 
of the noise level. It was revealed that the psychological responses were significantly 
affected by the noise level. Self-reported noticeability, annoyance, anger, dislike, and 
pain increased as the noise level increased; empathy decreased as the noise level 
increased. However, the effect of the noise level on physiological responses was not 
consistent. Third, Chapter 5 examined the effect of the duration of noise exposure 
by playing the stimuli for 5 minutes. The physiological responses showed 
habituation or recovery when the length of noise exposure lasted longer. Fourth, 
the laboratory studies (Chapters 4 and 5) evaluated the impacts of different types 
of the noise source. Both studies in Chapters 4 and 5 used the real and standard 
impact noise stimuli as the floor impact noise stimuli. Additionally, Chapter 5 
presented the road traffic noise stimulus. It was discussed that the length of stimuli 
might have affected the changes in the responses because of the following results. 
The standard impact noise evoked higher noticeability and annoyance than the real 
impact noise when the stimuli were heard for short time (23 seconds). However, 
the real impact noise was rated with higher annoyance than the standard impact 
noise when the stimuli were presented longer (5 minutes) and the standard impact 
noise simulated real footstep noise. For the physiological responses, they were not 
significantly different from each other between the real and standard impact noise 
stimuli. However, a clearer difference between the noise-sensitivity groups was 
found when the floor impact noise stimuli were presented compared with the road 
traffic noise stimuli exposure. Fifth, the effects of various personal factors were 
tested in Chapters 5 ~ 7. The participants who had higher self-reported noise 
sensitivity reported greater annoyance, anger, dislike, pain, and empathy. 
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Furthermore, the participants with higher noise sensitivity presented greater 
changes in heart rate, electrodermal activity, and respiration rate. Likewise, the 
participants with negative attitudes towards their neighbours presented greater 
annoyance, anger, dislike, pain, and empathy. However, the difference between the 
positive and negative attitude groups was not as clear as that of noise-sensitivity 
groups. Additionally, there was no significant impact of attitudes towards 
neighbours on the physiological responses. Given that attitude towards neighbours 
have been assumed to play an important role in neighbour noise responses, Chapter 
8 further explored how one’s attitude towards the neighbours is formed and 
changed. Attitude towards neighbours was formed by various conditions. 
Particularly, the attitude shown by the neighbours, past experience/history, and 
predictability/uncertainty of noise exposure were discussed to have impacts on 
one’s attitude. Different attitudes towards the neighbours were suggested to result 
in different coping strategies when residents are exposed to neighbour noise. Sixth, 
Chapter 7 examined the impacts of outdoor noise level and annoyance of the 
outdoor noise. The outdoor noise level did not have any significant impact on the 
responses but the annoyance of outdoor noise had significant correlations with the 
psychological responses to indoor noise. Given that those who reported higher 
annoyance of outdoor noise also reported higher negative responses to indoor noise, 
it was discussed that their noise sensitivity might have affected the responses. Figure 
9-1 illustrates the findings from the studies in the diagram. The diagram is 
developted based on one of the stress models (Figure 2-3) which this thesis 
introduced earlier. 
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Figure 9-1. A summary of the findings from the present research. 
Noticeability
Homeostasis
Chapter 4: Low noise level led to low noticeability. Noise 
stimuli with low noticeability were rated with low 
annoyance.
Chapter 8: Residents who perceived their neighbours as 
“friends” were less likely to be annoyed.
Emotional reaction
Chapter 6: Four emotion clusters (anger, dislike, pain, 
and empathy) were experienced when floor impact 
noise was exposed. The emotion ratings increased as 
the noise level increased. The emotion ratings 
significantly correlated with annoyance. Higher 
negative emotions were rated by those with higher 
noise sensitivity and those with negative attitudes 
towards neighbours.
Physiological response
Chapters 4 and 5: Noise presentation caused heart rate 
deceleration, electrodermal activity increase, and 
respiration rate acceleration.
Chapter 5: Greater physiological changes were from the 
high noise-sensitive participants.
Chapter 7: Higher blood pressures were from residents 
with higher negative perceptions (annoyance and 
anger) of  floor impact noise and lower empathy.
Acoustic factor
Chapter 3: Difference characteristics of  neighbour noise 
(noise source, level, length, and number of  
occurrence) were identified.
Chapter 4: Noise level had impacts on noticeability, 
annoyance, electrodermal activity, and respiration 
rate. Type of  noise source influenced noticeability 
and annoyance.
Chapter 5: Noise level and source did not have any 
impact on the responses.
Chapter 6: Noise level increased emotion and annoyance 
ratings.
Chapter 7: Slab thickness (related to noise level) did not 
affect annoyance, anger, and empathy evoked by 
floor impact noise. Outdoor noise level did not have 
any masking effect on the responses.
Chapter 8: Different attitudes towards neighbours are 
formed/changed by several acoustic conditions (e.g. 
frequency of  noise events).
Non-acoustic factor
Chapter 5: Self-reported noise sensitivity had impacts on 
annoyance, heart rate, electrodermal activity, and 
respiration rate.
Chapter 6: Self-reported noise sensitivity and attitude 
towards neighbours had impacts on emotion and 
annoyance ratings.
Chapter 7: House ownership, self-reported noise 
sensitivity, perceptions of  outdoor noise had 
significant impacts on annoyance, anger, and 
empathy evoked by floor impact noise.
Chapter 8: Different attitudes towards neighbours are 
formed/changed by several non-acoustic conditions. 
Particularly, the chapter discussed about attitudes 
shown by the neighbours, past experience/history, 
and predictability/uncertainty of  noise exposure.
Coping
Chapter 8: Cognitive and behavioural coping strategies 
were found to be taken. The cognitive coping 
strategy included repression and empathy. The 
behavioural coping strategy included avoidant and 
vigilant coping strategies. It was discussed that 
residents choose their coping strategies based on 
their attitudes towards their neighbours and various 
conditions.
If  the noise is perceived as 
not annoying
If  the noise is perceived as 
annoying
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9.2 Future research directions 
There are remaining questions which have not been answered in this 
research. There is a need for conducting both indoor noise measurements as well 
as the assessment of occupants’ subjective responses to the indoor noise. It has 
been common to report dose-response relationships in the environmental noise 
research fields using 24-hour noise levels and subjective responses to the noise but 
there has been no attempt made to explain the relationship of neighbour noise, 
particularly of floor impact noise. It is recommended for future noise measurements 
to cover various months of the year in order to examine the effects of different 
seasons. Since residents usually leave windows open in the warm seasons, airborne 
noises from neighbours would be different between the warm and cold seasons. 
Further, the measurements in different months are needed because children’s 
activities may be different between the school term times and holiday times. 
Therefore, longitudinal measurements have been suggested for future research to 
cover the various circumstances of the year. In addition, more investigations are 
needed into various physical characteristics of the construction as it was found that 
slab thickness itself cannot explain the different characteristics of the noise 
exposure. There are non-acoustic variables which need to be considered more in-
depth (e.g. financial investment or social cohesion) in order to further understand 
the responses to the noise. It has been examined how sound environments and 
architectural characteristics may contribute to indoor soundscape of several public 
spaces such as libraries or hospitals (e.g. Good and Roy, 2010; Yorukoglu and Kang, 
2016). It is expected that the findings of this research and future investigations into 
the residential noises would yield further insights into understanding of how to 
build pleasant indoor soundscape in residential spaces. 
Second, further investigations are needed into coping and its potential 
impacts on neighbour disputes and conflicts. It is still uncertain whether or not 
residents choose different copings based on ‘who they (neighbours) are’. In other 
words, some demographic characteristics (e.g. age or gender) of the neighbours may 
influence the individual to choose different coping strategies. Given that the sense 
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of community plays an important role in increasing social interaction between 
neighbours, further research on the way to improve it in the community of multi-
family housing and its effect need to be carried out. Besides, the traditional stress 
theory has suggested that primary and secondary appraisals have impacts on the 
individual’s coping (Lazarus and Folkman, 1984). In particular, existing 
environmental noise studies have acknowledged perceived control as the secondary 
appraisal but the investigation has not been carried out in neighbour noise studies. 
Thus, future research may examine whether perceived control can be the secondary 
appraisal in neighbour noise issue. If so, it could investigate how to measure 
perceived control of residents as to the issue of neighbour noise and evaluate its 
role on residents’ future coping strategies which have potential impacts on 
neighbour disputes or conflicts. Furthermore, the environmental stress theory (Bell 
et al., 1990) proposed that various consequences are resulted by different copings 
and the consequences again influence the individual’s perception. Future research 
may examine what kinds of consequences can be caused by residents’ different 
copings and how the consequences influence their reactions to neighbour noise.  
Third, emotions were examined when floor impact noise, particularly 
human-made footstep noise was presented. Given that there are a number of 
different sources of neighbour noise, future research may examine emotions evoked 
by different noise sources including both airborne and structure-borne noise 
sources. There is also a need for future research that involves various study settings 
in which other measurements can be undertaken to examine the emotions. The 
assessments of task performance or physiological responses would yield further and 
broader understanding of the emotional states. 
Last but not least, cross-cultural research is needed to examine if the findings 
in this study can be applied in other countries. Given that this research investigated 
indoor noise characteristics of residences in South Korea, future investigation is 
needed to see how they are different among various countries if physical factors of 
the house are controlled (e.g. heavyweight multi-family housing buildings in several 
countries). Moreover, residents’ psychological and physiological responses need to 
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be compared in order to explore what factors have influences on the responses. 
Since neighbour noise is not a social problem only in South Korea, research on 
emotions in different cultures using different languages would be helpful to 
understand the issue more generally. Table 9-2 summarises the research questions 
for future research suggested above. 
Table 9-1. Research questions for future research. 
Research question 
Indoor noise measurement 
▪ How would the noise level relate to subjective responses to the noise? 
▪ Would the noise events be different between different times of the year? (e.g. different seasons, 
school term times vs. holiday times, etc.) 
▪ How can the findings in this research be extended to the research field of indoor soundscape? 
Coping evaluation 
▪ How would residents’ coping be affected by demographic characteristics of neighbours? 
▪ How would the sense of community influence residents’ copings? 
▪ How to measure the perceived control as a secondary appraisal and how the perceived control 
influence residents’ coping? 
▪ How consequences resulted from different coping again influence residents’ responses? 
Emotion measurements 
▪ Would different neighbour noise sources result in different emotions? 
▪ How would measurements of performance and physiological responses add further evidence in 
research on emotion towards neighbour noise? 
Cross-cultural study 
▪ Would the findings in this research can be applied in other countries? 
▪ What would be the differences between South Korea and other countries when it comes to 
indoor residential noise characteristics? 
▪ Would residents in different countries show different psychological and physiological responses 
to floor impact noise or to neighbour noise? If so, how would they be different? 
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 Pictures of the laboratory study in Chapter 4 
 
 
Figure A2-1. Noise sources in the source room (upstairs): an impact ball (top left), 
a chair (top right), a toy (bottom left), and a child (bottom right). 
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Figure A2-2. A head and torso simulator located in the receiving room 
(downstairs). 
 
 
Figure A2-3. Outside of the audiometric booth: computers for stimuli 
presentation and data acquisition. 
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Figure A2-4. Electrodes were attached to the participant; the participant was 
seated in the audiometric booth and the loudspeakers were located 
in front of the participant. 
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 Pictures of the laboratory study in Chapter 5 
 
Figure A3-1. The location where the outdoor road traffic noise recording was 
conducted. 
 
 
Figure A3-2. Outside of the audiometric booth: wireless amplifiers for 
physiological data recordings, computers for stimuli presentation 
and data acquisition.  
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 Pictures of the online surveys in Chapter 6 
 
Figure A4-1. Screen captures of the Survey I which was designed to sample the 
emotion lexicons. 
 
 
Figure A4-2. Screen captures of the Survey II which was designed to cluster the 
emotion lexicons. 
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 Pictures of the field study in Chapter 7 
 
Figure A5-1. The layout of the buildings at Site A. 
 
 
Figure A5-2. Grid noise map of Site A. The Ldn were predicted 1.2 m above the 
ground. 
Noise level
Ldn
in dB(A)
 <= 36
36 < <= 40
40 < <= 44
44 < <= 48
48 < <= 52
52 < <= 56
56 < <= 60
60 < <= 64
64 < <= 68
68 < <= 72
72 < <= 76
76 < <= 80
80 < <= 84
84 <  
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Figure A5-3. The layout of the buildings at Site B. 
 
 
Figure A5-4. Grid noise map of Site B. The Ldn were predicted 1.2 m above the 
ground.  
Noise level
Ldn
in dB(A)
 <= 44
44 < <= 48
48 < <= 52
52 < <= 56
56 < <= 60
60 < <= 64
64 < <= 68
68 < <= 72
72 < <= 76
76 < <= 80
80 < <= 84
84 < <= 88
88 < <= 92
92 <  
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Figure A5-5. The layout of the buildings at Site C. 
 
 
Figure A5-6. Grid noise map of Site C. The Ldn were predicted 1.2 m above the 
ground. 
Noise level
Ldn
in dB(A)
 <= 39
39 < <= 42
42 < <= 45
45 < <= 48
48 < <= 51
51 < <= 54
54 < <= 57
57 < <= 60
60 < <= 63
63 < <= 66
66 < <= 69
69 < <= 72
72 < <= 75
75 < <= 78
78 < <= 81
81 <  
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Figure A5-7. The layout of the buildings at Site D. 
 
 
Figure A5-8. Grid noise map of Site D. The Ldn were predicted 1.2 m above the 
ground. 
  
Noise level
Ldn
in dB(A)
 <= 20
20 < <= 24
24 < <= 28
28 < <= 32
32 < <= 36
36 < <= 44
44 < <= 48
48 < <= 52
52 < <= 56
56 < <= 60
60 < <= 64
64 <  
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Figure A5-9. Posters (top) and banners (bottom) used at the sites for recruiting 
participants. 
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Figure A5-10. Sound level metres were installed on top of buildings at each site for 
the 24-outdoor noise measurements (left) and the participants visited 
the separated room within the management office of each site to 
respond to the questionnaire and to measure blood pressure (right). 
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Figure A5-11. Floor structure of each site. The floors of all sites contained 
reinforced concrete slab, resilient isolator, lightweight concrete, and 
cement mortar with different thicknesses and they were finished by 
wooden floorings. 
  
Wooden flooring
Cement mortar 40 mm
Lightweight concrete 50 mm
Resilient isolator 20 mm
Reinforced concrete slab 150 mm
Site A
Wooden flooring
Cement mortar 40 mm
Lightweight concrete 40 mm
Resilient isolator 20 mm
Reinforced concrete slab 210 mm
Site C
Wooden flooring
Cement mortar 40 mm
Lightweight concrete 50 mm
Resilient isolator 20 mm
Reinforced concrete slab 150 mm
Site B
Wooden flooring
Cement mortar 40 mm
Lightweight concrete 40 mm
Resilient isolator 30 mm
Reinforced concrete slab 180 mm
Site D
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 Information about each interviewee and sample interview excerpts in 
which conditions were implied (Chapter 8)  
No. Age Gender Childa Lengthb House ownership Complaintsc 
1 24 M No 2 ~ 5 Renter   
  “I am very sensitive to noise (noise sensitivity) ... I can’t concentrate if somebody 
starts talking or whispering to someone at the library ... but I’m fine with the people 
upstairs. I can hear their footsteps but it doesn’t bother me ... I think I’m okay with 
low-frequency noises (noise source).” 
2 28 M Yes 1 ~ 2 Renter Contacted the management office 
3 29 F No 2 ~ 5 Owner Contacted the management office; 
      Talked to the neighbours on the 
phone 
4 30 F No 1 ~ 2 Owner   
5 30 M Yes 2 ~ 5 Owner Contacted the management office 
6 31 F Yes 2 ~ 5 Renter   
7 32 F No 1 ~ 2 Owner   
  “I went upstairs on the day I was moving in. I brought some cake (priority of building 
a positive relationship). They asked me to come in (positive attitude shown by the 
neighbours) and we spent about an hour talking, having tea and the cake I brought ... 
I’m lucky to have such good friends as my neighbours ... I can understand [the noise 
exposure]. Everyone makes noise in their everyday life.” 
8 32 F No 15 < Owner   
          *living with parents   
9 32 F Yes 2 ~ 5 Renter Talked to the neighbours on the 
phone 
10 32 M No < 1 Owner   
11 33 M Yes 1 ~ 2 Renter Contacted the management office 
12 33 M Yes 5 ~ 10 Owner 
*living with parents 
Contacted the management office; 
     Talked to the neighbours face-to-
face in the lift 
13 34 F No 2 ~ 5 Renter   
14 34 M No 15 < Owner    
        *living with parents   
  “I’ve met them, a few times in the lift or just in front of the building ... Both of them 
are teachers (lack of uncertainty: knowledge about the neighbours) ... I don’t think 
they are noisy ... I can hear their footsteps in the morning ... not very early [in the 
morning] (time of noise exposure; predictability) ... I usually wake up at seven [7 am] 
and I can hear them from half seven or eight ... just for one or two hours (length of 
noise events). I think they are busy getting ready to go to work in the morning.” 
15 34 M Yes 2 ~ 5 Owner   
  “I had bad experiences [with previous neighbours] when I lived in my previous house 
(history with previous neighbours) ... I called the police one night ... I was really, really 
angry ... I had already called the management office so many times ... The relationship 
[between the neighbours and me] got worse since then ... So I didn’t want to talk to 
them [the current neighbours] when they moved in. Who knows? They could be the 
same [with previous neighbours]. But they [the current neighbours] seem okay, [they 
are] quite friendly. (friendly attitude shown by the neighbours)” 
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No. Age Gender Childa Lengthb House ownership Complaintsc 
16 34 M Yes < 1 Owner Contacted the management office 
17 35 F Yes 5 ~ 10 Renter   
18 35 F Yes 2 ~ 5 Owner   
19 35 F Yes 1 ~ 2 Renter   
20 35 M Yes 5 ~ 10 Renter Contacted the management office; 
            Talked to the neighbours on the 
phone 
21 36 F Yes 2 ~ 5 Owner   
  “I can hear some noise like the dragging around of the vacuum machine, or the noise 
of the washing machine spinning, especially when it drains ... I’m okay with that as I 
can’t hear it when it’s late at night, I can hear it only during the daytime (time of noise 
exposure).” 
22 36 M Yes 5 ~ 10 Owner Talked to the neighbours on the 
phone;  
          Talked to the neighbours face-to-
face in the lift and corridor 
  It’s very quiet at night, so I can hear their noise more clearly (ambient noise) ... I can 
understand if it’s noisy before ten [10 pm] but after that, they should be careful [not 
to make noise], even walking, I don’t understand why they need to walk around the 
house that much at night (time of noise exposure). 
23 36 M Yes < 1 Owner Talked to the neighbours on the 
phone 
  “We moved in last year (short length of residency) ... It’s in a perfect location for all 
of us [himself, his wife, and their children], our offices and schools are closed 
(positive attitude towards the house) ... It’s such a big complex, there are still people 
we meet for the first time and my wife and I still introduce ourselves to neighbours 
(priority of building positive relationships with neighbours) ... I’ve called them once, 
with the interphone, I spoke [about the noise] very politely. She [upstairs neighbour 
who received the call] complained their feet hurt as they’ve been only walking on 
their tiptoes. She was quite angry with me that time (negative attitude shown by the 
neighbours) ... now I just keep saying hello and smiling when I see them, they don’t 
smile but say hello ... Maybe we were too stressed at that time [when we made the 
complaints] by different sorts of things, such as from work.” 
24 37 F Yes 2 ~ 5 Owner Talked to the neighbours on the 
phone 
  “They are very social, we became friends not so long after they moved in 
(friendly/social attitude shown by the neighbours) ... I just call them and say ‘hey, can 
you please be quiet?’” 
25 38 F No < 1 Owner Contacted the management office 
26 38 F No 1 ~ 2 Renter   
27 38 M Yes 5 ~ 10 Owner Contacted the management office 
28 39 F No 2 ~ 5 Owner Left a letter to the neighbours 
29 39 M Yes 10 ~ 15 Owner Contacted the management office;       
Contacted the government 
authority; 
            Made revengeful noises 
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No. Age Gender Childa Lengthb House ownership Complaintsc 
30 40 F No 1 ~ 2 Owner Contacted the management office; 
            Left a letter to the neighbours 
31 40 M No 2 ~ 5 Owner Contacted the management office 
32 40 M Yes < 1 Renter Contacted the management office;  
          Talked to the neighbours on the 
phone 
  “He [upstairs neighbours’ child] is around four [years old] and he never stops running 
and jumping (children upstairs: noise source). I sometimes don’t understand them ... 
Do they [upstairs neighbours] even try [to stop him making the noise]? I can 
understand if it’s just a couple of times a day but ... he keeps running and jumping 
until he goes to bed at night ... every day (frequency and length of noise exposure).” 
33 41 F No 1 ~ 2 Owner Contacted the management office 
34 41 F Yes 2 ~ 5 Owner   
  “I’m fine with them ... I don't know much about them (lack of information about the 
neighbours) ... I think they moved in not so long ago (short history) ... I can 
occasionally hear them, their footsteps ... but they are not loud at all (noise level).” 
35 41 M No 2 ~ 5 Owner Contacted the management office;       
Talked to the neighbours on the 
phone;       
Contacted the government 
authority;  
          Made revengeful noises 
  “They made me crazy. They never stop (history, frequency or length of noise 
exposure) ... I think I can understand why those people on TV killed their neighbours. 
I’m not saying I want to do something to harm them [upstairs neighbours] but I’m 
just saying that I know how they [people on the news who committed the crime to 
their neighbours] might have felt ... There are many holes in my ceiling as I’ve hit my 
ceiling with a golf club. I know it’s destroying my house ... I can’t put up with them. 
I’m 100 percent sure they make noise intentionally ... jumping with shoes, heels 
(attitudes shown by neighbours: revengeful noise exposure)! Have you seen anybody 
wearing shoes in their house ... It’s a headache ... I think of what I should do with 
them every day ... I’ve installed three loudspeakers on my ceiling. They work quite 
well ... I turn them [the speakers] on if they [neighbours] are noisy at night (time of 
noise exposure).” 
36 41 M Yes < 1 Renter   
37 42 M Yes < 1 Owner   
38 42 M Yes 5 ~ 10 Owner   
  “They have two children (children at neighbours’: noise source). You know, kids 
should run, that’s how they grow, that’s how we know they are healthy (children at 
home: experience of living with children) ... We [my wife and I] were going out for a 
walk and saw them for the first time outside the building when they were moving in. 
We just asked them ‘Hi, are you moving into this building?’ and they said they were 
moving into the 11th floor. We introduced ourselves and told them we are on the 
10th floor ... you know, you can’t cook when you have just moved into a new house, 
you just get food delivered until the kitchen is sorted. So we invited them to ours that 
evening for dinner, and for the next couple of days as well (priority of building and 
maintaining positive relationships with neighbours).” 
39 43 F No 2 ~ 5 Owner   
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No. Age Gender Childa Lengthb House ownership Complaintsc 
40 44 F Yes 2 ~ 5 Renter Contacted the management office;  
          Talked to the neighbours on the 
phone 
  “I’ve asked the [management] office quite a few times to ask them [neighbours] to be 
quiet (history of making complaints). She [management officer] said they would [stop 
making noise] (expectation that the noise would stop) ... I ended up calling them 
[neighbours] last night as they didn’t stop [making noise] ... I think I’ll be very upset 
if I have to ask them to be quiet again. I’ll have to wait and see.” 
41 44 F No 1 ~ 2 Owner Contacted the management office 
42 44 F Yes 2 ~ 5 Owner   
  “There are three children living upstairs (children upstairs: noise source). Very, very 
noisy children ... They are friendly to my daughter whenever we meet them at the 
playground ... The mum [the children’s mother] is also very friendly (children at 
home; friendly attitude shown by the neighbours) ... we are all friends ... She told me 
my daughter can come upstairs and play with her kids. Since then, I just send her [the 
daughter] upstairs when it gets noisy.” 
43 44 F Yes 5 ~ 10 Owner   
44 44 M Yes 2 ~ 5 Owner   
  “They are quite nice people. I am totally fine with them ... they always come down 
and tell us in advance (predictability; considerate attitudes shown by the neighbours) 
if something’s happening, like a family gathering or a party with friends ... [neighbours 
have people around] once every month or two (frequency of noise events).” 
45 45 F No 1 ~ 2 Renter   
46 45 F No 5 ~ 10 Owner Visited the neighbours;  
          Contacted the police 
  “I’ll always remember the date and time, it was October 21st two years ago, it was 
1:15 am. I went upstairs, knocked on the door and rang the bell several times until 
she opened the door. I told her they had been very noisy for many hours and that it 
was too late (time of noise exposure). However, she stopped me talking and shouted 
at me, saying that I didn’t know how to get along with neighbours in this type of 
housing (negative attitude shown by the neighbour). I came back [home] and called 
the police ... They have been noisy so many times and I have put up with them for 
so long (history). The management office had contacted them several times before 
but they never changed ... We don’t see each other even in the same lift. I don’t want 
to see them. I really hope they’ll move out ... I haven’t seen anyone like them before.” 
47 45 F Yes 2 ~ 5 Renter   
48 45 M No 1 ~ 2 Owner Contacted the management office 
49 46 F No 5 ~ 10 Owner   
  “Who can spit at a smiley face? ... They brought some fruit when they first moved in 
and apologised (apologetic attitude shown by the neighbours) as they have children 
(children at neighbours’: noise source) ... they have brought cakes, juice, fruit since 
then ... I’ve told them that they do not need to do so [bring something] several times 
but they keep bringing something and keep apologising every time I see them in the 
lift ... I know they are good people, but I think I’m quite sensitive (noise sensitivity) ... 
Sometimes, when I’m tired, I’m annoyed by the noise of kids running, but I just can’t 
tell them. I feel sorry.” 
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No. Age Gender Childa Lengthb House ownership Complaintsc 
50 46 F No 10 ~ 15 Owner Contacted the management office;  
          Left a letter to the neighbours 
  “I can’t hear it, but my husband says he can! He says he can’t fall asleep and he gets 
really annoyed sometimes ... He is very sensitive to noise (noise sensitivity), he says 
he gets more distracted by noise than others at work ... He says they [neighbours] are 
very rude being noisy at night (time of noise exposure).” 
51 46 M Yes 5 ~ 10 Owner Contacted the management office;       
Talked to the neighbours on the 
phone;       
Talked to the neighbours face-to-
face in the lift;  
          Contacted the government 
authority 
  “I’ve done everything ... Anything I can do to solve this problem (history; goal to 
solve the noise problem) ... I’ve called the centre [Floor Noise Management Centre] 
and they said they could come and measure the noise levels and see if the levels 
exceed that in the regulation ... that means they [upstairs neighbours] should make 
noise when the people from the centre come. How can I predict they [upstairs 
neighbours] will make noise (uncertainty or lack of predictability)? I have no idea 
when they are going to make noise, that’s why I get crazy ... It seems the centre is for 
those who have problems between neighbours to mediate the disputes.” 
52 47 M No 10 ~ 15 Owner Contacted the management office 
53 48 M No 10 ~ 15 Owner Contacted the management office; 
            Talked to the neighbours on the 
phone 
54 48 M No 15 < Owner Talked to the neighbours face-to-
face outside the building 
55 51 F No 15 < Renter Contacted the management office; 
            Talked to the neighbours on the 
phone 
56 61 F No 10 ~ 15 Owner   
  “I don’t mind it. They [children upstairs] are just kids and it’s very difficult to control 
them (children upstairs: noise source), I know that. My children did the same 
(experience of living with children in the past), kids just run all the time.” 
57 65 F No 15 < Owner Contacted the management office 
a Those who lived with any child under 12 years old were asked to select “Yes”. 
b Length of residency in the current house (in years). 
c Type of complaints that the interviewee had made regarding the neighbour noise. 
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a b s t r a c t
Indoor noise level is a significant factor for occupants’ health, comfort, and psychological well-being in
residential buildings; hence the World Health Organization (WHO) recommends guidelines for residen-
tial buildings based on the 24-h sound levels. However, only few studies have examined 24-h noise levels
and sources from neighbours. Consequently, 24-h noise measurement is necessary for understanding
noise level and acoustic comfort in homes. Field measurements were performed in 26 residential apart-
ments in Korea to investigate levels and types of noise from neighbours. Noise recordings were carried
out at each residence in unoccupied conditions. The recordings were analysed at 1 min intervals in terms
of the A-weighted equivalent (LAeq) and maximum sound pressure levels (LAFmax) for three different time
periods during the day. It was found that 20 apartments met the recommended WHO guidelines during
the daytime (07:00–23:00). However, at night (23:00–07:00), eight apartments were in excess of the
WHO guideline value in terms of LAeq while LAFmax exceeded the WHO limit level in 22 apartments during
the night. Human footsteps, movement of furniture, and dropping of small items were found to be major
sources accounting for approximately 80% of all the noise events. LAFmax of children’s jumping and drop-
ping small items were greater than others. Adults’ walking showed larger variation of noise levels than
other sources. Moreover, it was found that indoor noise levels were not affected by slab thickness and
major noise sources.
 2017 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Noise has been considered as a threat to public health and well-
being [1]. Several studies have reported that chronic exposure to
noise can cause annoyance, sleep disturbance, and health prob-
lems. Miedema [2] argued the significant effect of transportation
noise on the prevalence of noise annoyance. It has been known that
noise has not only auditory health effects (e.g., hearing loss, noise-
induced hair-cell damage) but also various non-auditory health
risks such as daytime sleepiness or it can impair cognitive perfor-
mance in schoolchildren [3,4]. It was also reported that aircraft and
road traffic noise has a high impact on cardiovascular health (e.g.,
high blood pressure, ischemic heart diseases) [5].
However, the majority of work has mainly focused on environ-
mental noise such as road traffic noise and railway noise. In con-
trast, few studies have investigated the impact of neighbour
noise on residents’ psychophysiological well-being. Maschke
et al. [6] conducted a cross-national questionnaire surveys in eight
European cities and found that annoyance caused by neighbour
noise increased health risks in the cardio-vascular system. But
noise exposure level at home is unknown because they did not per-
form noise measurement. Pujol et al. [7] investigated children’s
exposure to noise at home in an urban area by measuring long-
term indoor noise levels at homes. They were mainly concerned
with noise from outside rather than indoor noise sources, and
noise sources were not identified during the measurements [7].
Therefore, it is still unknown which indoor noise sources con-
tribute to noise levels in residential buildings.
In order to examine the health effects of environmental noise
exposure, 24-h noise measurements have commonly been con-
ducted [8,9]. Several noise descriptors such as day-night level
(DNL) and day-evening-night level (DENL) have been introduced
to describe overall noise exposure for 24 h. Noise measurements
for 24 h or working hours have also been occasionally performed
in non-residential buildings such as hospitals and offices [10,11].
On the other hand, very little data exists describing 24-h noise
exposure and most previous studies on residential buildings mea-
sured only short-term indoor noise levels. Jeon et al. [12] measured
http://dx.doi.org/10.1016/j.apacoust.2017.01.012
0003-682X/ 2017 The Authors. Published by Elsevier Ltd.
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noise levels while the apartment was empty and the windows
were closed. Lai et al. [13] measured the noise levels for 15 min
in 32 residential apartments and the average noise levels for
15 min were found to be 67.1 dBA with a variation from 52 to
77.9 dBA. Noise levels for one hour were also measured in urban
residential buildings under a natural ventilation condition [14].
Similarly, Pujol et al. [7] measured the noise levels in bedrooms
and the main rooms to analyse children’s exposure to environmen-
tal noise at home. They found the averages of noise levels for day,
evening, and night in 44 dwellings were 51.3, 53.6, and 36.9 dBA,
respectively. However, short-term field measurements only repre-
sent a snapshot condition of an indoor built environment at a
specific time. In addition, the World Health Organization (WHO)
recommends guidelines for residential buildings in terms of the
average sound levels for 16 h (daytime) and eight hours (night)
[1]. Therefore, 24-h noise measurement in residential buildings is
required to improve our understanding of noise level and acoustic
comfort at homes.
The majority of dwelling types in South Korea are multi-story
and heavyweight (i.e. reinforced concrete) apartment buildings
[15]. In multi-story buildings, residents are easily exposed to a
number of noises from their neighbours, thus a large number of
complaints regarding dwelling noise have been raised by apart-
ment residents [15]. In order to resolve noise problems in apart-
ment buildings, multi-layered floor structures, consisting of a
concrete slab, resilient isolator, lightweight concrete, and finishing
mortar, have been used. In addition, the Korean Government
strengthened the domestic regulations in 2005 and 2007 by
increasing the concrete slab thickness to 180 mm and 210 mm,
respectively [16] because the slab thickness of the apartments
mostly ranged between 135 mm and 150 mm before 2005. Empir-
ical studies [17,18] supported the decision of the Korean Govern-
ment reporting that the impact sound insulation of the floors had
improved with the increases of the concrete slab thickness. Accord-
ing to Jeong et al. [18], a 30 mm increase of slab thickness led to an
increase of heavyweight impact sound insulation of 2 dB. However,
contrary to expectations, the complaints of neighbours’ noises have
still increased; number of complaints about floor impact sound
recorded in the Ministry of Environment of Korean Government
increased from 114 in 2005 to 341 in 2010. However, the com-
plaints were also raised from residents living in old apartments
built before 2005, so it is still unknown whether or not increased
slab thickness is effective in reducing indoor noise levels in real
buildings.
The present study aims to determine noise levels and noise
sources from neighbours in residential buildings. It is hypothesised
that noise levels are influenced by noise sources and that indoor
noise levels are hypothesised to be affected by slab thickness. To
validate these hypotheses, 24-h noise measurements were con-
ducted in the living rooms of 26 residential apartments. During
the measurements, the apartments were empty and windows were
closed to minimise the influence of outdoor noise on indoor noise
levels. The recording were analysed in terms of the equivalent and
maximum noise levels (LAeq and LAFmax, respectively) based on
three time periods of the day: day (07:00–19:00), evening
(19:00–23:00), and night (23:00–07:00). Furthermore, noise
sources from neighbours were identified by listening to the record-
ings and the levels of each noise source were analysed.
2. Method
2.1. Sites
Twenty-six reinforced concrete apartments were selected for
the 24-h noise recordings. Of these, 15 were in Seoul and others
were located in cities nearby Seoul. As listed in Table 1, the net
floor areas of the apartments ranged from 42.0 to 212.5 m2. The
number of bedrooms in each home varied from two to five. The
house age also varied; the oldest apartment was built 32 years
ago and the latest one was just 3 years old. Slab thicknesses of
the apartment buildings varied from 135 mm to 210 mm; the
apartments built before the domestic regulation was strengthened
in 2005 had slab thickness of 135 mm and 150 mm. Sizes of groups
were quite similar; 14 sites were classified into Group 1, while
Group 2 had 12 sites. This distinction was made because the Kor-
ean Government introduced a domestic regulation requiring con-
struction companies to increase the concrete floor slab thickness
by 30 mm at that time. Most homes under measurement were
away from traffic roads, which provides a relatively consistent
environmental noise condition.
2.2. Procedure
Noise levels in living rooms were measured under unoccupied
conditions from the morning to the following morning for 24-h
periods while the residents were vacated. The windows in the liv-
ing rooms and balconies of all the homes were closed during the
measurements to minimise the effects of outdoor noise. All the
windows were double glazed and the balconies were adjacent to
the living rooms at all sites; thus, it was expected that the influ-
ence of outdoor noise on indoor noise levels is limited. The mea-
surements were performed only during weekdays to avoid
influences of neighbour’s daily activities on the recordings. The
noise was recorded using a half-inch free field microphone (B&K
Type 4189) positioned at a sitting position in the living rooms.
The microphone was directly connected to the noise monitoring
system (DUO, 01 dB) which has the calibrated recording feature
as all-in-one device. The noise levels were monitored continuously
for 24 h and noise was recorded whenever the noise level exceeded
30 dBA (LAeq) at a sample rate of 51.2 kHz. The recordings were
then transferred to a laptop computer. Before the data collection,
the entire measurement system was calibrated using an acoustic
calibrator (B&K Type 4280).
2.3. Data analysis
One-minute interval noise level data were exported from the
noise monitoring system (DUO, 01 dB). The data were then pro-
cessed using dBTrait software from 01dBmetravib. According to
the WHO guidelines [1], all noise events for 1 min, and 2) A-
weighted maximum sound pressure level (LAFmax) of the noise
event. The LAFmax was calculated using the ‘fast’ time constant for
analyses of the recorded noises. The WHO guideline recommends
the noise levels for daytime (07:00–23:00) and night time
(23:00–07:00); however, in the present study, 24-h period is clas-
sified into the day (07:00–19:00), evening (19:00–23:00), and
night (23:00–07:00) according to ISO 1996-2 [19].
In order to identify the noise source, the occurrence of the noise
events was defined as an event exceeding the WHO recommended
values for day and night noise in dwellings. During the daytime,
the recommended values are 35 dBA (LAeq), while the values for
the night are 30 dBA (LAeq) and 45 dBA (LAFmax). The present study
also set the threshold LAFmax value for the daytime as 50 dBA,
which is adopted from the domestic guidelines of the Korean
Government. Firstly, the noise levels exceeding the recommended
value were identified based on the one-minute interval noise level
data. Secondly, the noise sources and lengths of the noise events
were then manually recognised by listening to small sections of
the recordings and visually observing time histories as an interval
of 125 ms. All airborne and structure-borne noise events were
identified; of structure-borne noise sources, heavyweight and
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lightweight impact sources were also recognised through repeti-
tive manual listening. Several sources were identified based on
objective characteristics. For example, adults’ walking and chil-
dren’s running were recognised mainly based on step frequency
(speed of footstep) and interval between the steps. In addition,
other noise sources before and after the footsteps were considered
because children’s running were usually accompanied by other
activities such as playing with toys. Each noise source had a differ-
ent length; therefore, the noise levels of each source were con-
verted into an A-weighted sound exposure level (LAE), which is
the equivalent sound level during the event normalised to a period
of one second.
3. Results
3.1. Noise levels
Table 2 lists percentage, median, minimum, and maximum val-
ues of LAeq,1min and LAFmax for the 24 h, day, evening, and night. The
data of this study were non-normally distributed (p = 0.05, the Sha-
piro–Wilk test); therefore, the presentation of median values were
used throughout the current paper since they are helpful for
describing data which is not normally distributed. The median val-
ues for LAeq for 24 h, day, and evening were quite similar and
slightly greater than 30 dBA, whereas that of night was less than
30 dBA. It was found that the variation in the noise levels was
greatest in the evening followed by night and day. All the outliers
above the 5% percentiles were due to loud announcements from
the public address (PA) system installed in each home. The median
of the LAFmax for 24 h was the greatest, followed by day, evening
and night. The boxplot of the LAFmax for 24 h shows the highest
median value as it contains all the data of LAFmax for whole day.
The medians for 24 h and day were greater than 60 dBA, whereas
the median of night was less than 50 dBA. The variation in noise
levels at night was much shorter than other periods. For the
LAeq,1min, most levels were below 40 dBA, and only less than 1%
exceeded 40 dBA. Contrary to the LAeq, the percentage of the LAFmax
exceeding 40 dBA significantly increased. The levels between 30
dBA and 40 dBA showed the highest percentages, and more than
20% of the levels were greater than 40 dBA in the daytime and
evening.
3.2. Noise sources
Noise sources and their number of occurrences from 26 apart-
ments are listed in Table 3. Mean and standard deviation are also
listed to show how many times each source is heard from each
apartment. The noise sources were classified into airborne and
structure-borne sound sources according to the sound transmis-
sion methods [17]. Five sources were airborne, and these were
public address (PA) system, domestic equipment, voice, and other
sounds such as musical instruments. It was found that a total of 77
occurrences were produced by airborne sound sources, and the
number of occurrences of children’s voice was the largest. Simi-
larly, the structure-borne sound source had nine sub-sources such
as footsteps and movement of furniture. The number of noise
events due to the structure-borne sound sources was 495, which
accounts for 86.5% of all noise events. This shows that structure-
borne noise sources are dominant in residential apartments. The
number of occurrences for movement of furniture was the largest,
followed by dropping small items, children’s running, and adults’
walking. It was observed that only five noise sources had mean val-
ues which are greater than 1. This indicates that other noise
sources occurred less than once during a 24-h period. However,
low number of occurrences does not guarantee acoustic comfort
in apartments because only noise events exceeding WHO recom-
mended noise levels was counted in the present study. Table 3
included all the noise sources from above and the neighbouring
Table 1
Information of apartments at which indoor noise levels were measured.
No. House age
[year]
Floor area
[m2]
Number of
bedrooms
Number
of floorsa
Slab thickness
[mm]
Distance from
road [m]
Number of lanes
per side
1 23 42.0 2 9/17 150 79 2
2 27 62.6 2 1/5 135 80 3
3 10 107.7 3 4/23 180 51 1
4 5 101.5 3 7/11 210 123 4
5 4 131.5 3 14/17 210 61 3
6 11 99.8 3 7/18 180 51 2
7 13 88.0 3 18/22 150 56 1
8 12 151.0 4 3/13 150 25 4
9 16 108.5 3 13/24 150 92 3
10 12 106.9 3 7/16 150 106 4
11 11 107.6 2 11/42 180 41 4
12 13 96.7 3 4/7 150 46 3
13 11 84.9 3 16/19 180 42 1
14 17 84.5 3 4/15 150 29 2
15 17 109.6 3 13/22 150 37 2
16 3 110.1 3 2/13 210 110 3
17 8 126.6 4 20/21 180 171 5
18 11 114.3 3 12/28 150 87 3
19 32 198.1 5 12/15 135 181 2
20 26 97.0 3 8/15 135 35 1
21 18 107.3 3 10/19 150 31 4
22 7 149.1 4 3/12 180 22 1
23 6 212.5 4 32/34 180 75 3
24 24 193.7 5 2/15 150 26 1
25 10 106.2 3 10/29 150 70 3
26 12 110.0 3 9/15 150 33 1
Mean 13.8 115.7 3.2 – 159.8 67.7 2.5
Standard deviation 7.5 38.8 0.5 – 22 42.6 1.2
Minimum 3 42.0 2 – 135 22 1
Maximum 32 212.5 5 – 210 181 5
a The former number is the floor on which the apartment is located; the latter is the total number of the building floors.
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units on the same floor and hallway. The majority of the noise
sources were coming from the upstairs. In particular, all the heavy-
weight and lightweight impact sounds were generated by the res-
idents above except for the door banging. In total, 17 of 41 door
banging sounds (41.5%) came from the hallway and the neighbours
on the same floor. Therefore, it was assumed that the inside noise
levels were dominated by the structure-borne noises from
upstairs. However, it was not possible to identify where the air-
borne sounds came from by listening to the recordings in the pre-
sent study.
Durations of each noise source are also described in Table 3. The
lengths of each noise source are quite different. The length of door
banging was very short (median = 3.3 s), whereas noise from the
plumbing system had a long duration (median = 108.0 s). Other
sources such as musical instruments were found to have the lar-
gest duration. Among the structure-borne noise sources, the long-
est noise event was children’s running at 1683 s.
Fig. 1 shows the number of occurrences for day, evening, and
night across noise sources. It was found that the majority of noise
events occurred during the daytime. This was mainly because the
period of daytime is the longest, and the activities of the neigh-
bours are most active at this time. For instance, movement of fur-
niture, dropping small items, and children’s running were
dominant in the daytime. The number of occurrences of move-
ments of furniture was the largest during the day, but they were
also observed during the evening and night. In particular, the noise
events that occurred by movement of furniture consisted of vari-
ous movements noise events of furniture (e.g., scraping noises of
table or chairs, impact noises of chairs etc.) while most of the
events at night were shorter impact noises of chairs. The noise
from the movement of furniture also lasted two times longer dur-
ing the day time than night.
Four major noise sources most frequently heard accounting for
75.8% of all noise events were chosen to be investigated: (1) adults’
walking, (2) children’s running, (3) movement of furniture, and (4)
dropping of small items. Fig. 2 represents the number of occur-
rences of four sources across time of day at an interval of one hour.
The adults’ walking mostly occurred during the daytime, in partic-
ular it was the most frequently occurring between 07:00 and
10:00. This maybe because adults’ activities are dominant because
Table 2
Percentages, median, minimum, and maximum of one-minute A-weighted equivalent sound levels (LAeq,1min) and A-weighted maximum sound levels (LAFmax).
Overall 24-h Day (07:00–19:00) Evening (19:00–23:00) Night (23:00–07:00)
LAeq,1min % 6 30 dBA 57.6 54.1 56.3 63.7
30 < % 6 40 dBA 42.1 45.6 43.5 36.3
40 < % 6 50 dBA 0.2 0.3 0.1 0.1
% > 50 dBA 0 0 0.1 0
% > threshold 11.1 10.9 36.4
Median 30.3 30.6 30.1 29.2
Minimum 20.8 20.2 20.9 19.4
Maximum 45.7 46.9 48.6 36.2
LAFmax % 6 30 dBA 20.7 13.6 14.7 34.4
30 < % 6 40 dBA 63.1 66.2 63.8 58.2
40 < % 6 50 dBA 14.6 18.2 19.3 6.8
% > 50 dBA 1.6 2.1 2.2 0.5
% > threshold 2.1 2.2 2.1
Median 61 59.7 54.5 49.7
Minimum 48.8 48.8 45.9 43
Maximum 87.1 87.1 86.6 70.2
Table 3
Number of occurrence and length of each noise event.
Noise source Number of occurrence Length
Number % Mean Standard
deviation
Median Minimum Maximum
Airborne sound source PA system 11 1.9 0.4 0.9 62.5 43 113.8
Domestic equipment 2 0.3 0.1 0.4 21.5 18.8 24.3
Voice Adults 12 2.1 0.5 1.2 22.8 3 556.8
Children 37 6.5 1.4 4.5 56 4.5 1020
Others (e.g., musical
instrument)
15 2.6 0.6 1.4 61.8 8.3 428.5
Sub-total 77 13.5
Structure-borne sound
source
Heavyweight impact Adults’ walking 65 11.4 2.5 4.1 18.4 1.3 302
Children’s running 82 14.3 3.2 7.4 32 3 1683
Children’s jumping 12 2.1 0.5 1.1 5.4 3 16
Lightweight impact Movement of
furniture
159 27.8 6.1 8.3 6 1.3 212.5
Dropping small
items
99 17.3 3.8 5.1 5 1.3 82.5
Door banging 41 7.2 1.6 1.7 3.3 1.5 4.75
Scraping of small
items
16 2.8 0.6 1.3 50.5 5 256.3
Plumbing system 13 2.3 0.5 1.1 108 45.8 314.5
Hammering 8 1.4 0.3 1.6 43.4 28.3 110
Sub-total 495 86.5
Total 572 100
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it is time for getting ready to go to work, helping their children to
go to school, or doing household chores. Movement of furniture
(e.g., tables and chairs) also occurred frequently during that time
which related to people’s activities such as having breakfast or
doing household chores. In addition, adults’ walking was found
to most frequently occur at around 13:00–14:00 during which
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other noise sources (children’s running, movement of furniture,
and dropping of small items) occurred frequently. It can be said
that all of the four noises were closely related at that period, were
primarily related to children’s activities. In particular, it was iden-
tified that children’s running noises during the afternoon occurred
more frequently with scraping noises of chairs, and dropping or
scraping noises of small objects. Movement of furniture had a rel-
atively large number of occurrences in the evening (19:00–20:00)
and at night (23:00–00:00). These noise events might be relevant
to people’s activities when coming back from work, for example,
such as having dinner or resting.
Figs. 3 and 4 show the boxplots of the noise levels of each noise
source in terms of the A-weighted sound exposure level (LAE) and
A-weighted maximum noise level (LAFmax), respectively. Large vari-
ations of duration for noise sources indicate that LAeq is not appro-
priate to describe the noise levels of each source so the
presentation of LAE was adopted to describe noise levels of each
source. Among the airborne noise sources, the noise from the PA
system showed the highest median value in terms of LAE followed
by voice of children and other airborne noises. However, as listed
in Table 3, the PA system was rarely identified throughout the
measurement. Among the structure-borne sources, hammering
and door banging produced the highest and lowest medians of
LAE, respectively. All the median values of adults’ walking,
children’s jumping, movement of furniture, and dropping small
items were similar and children’s running and scraping small items
had relatively higher median LAE levels. Particularly, these two
noise sources had higher median LAE levels than other structure-
borne noises (except hammering) since they lasted longer than
the others and the time duration is applied to derive LAE level.
Children’s running lasted 109.4 s on average (standard
deviation = 263.6, median = 32.0) and the scraping noise of small
items lasted 66.1 s on average (standard deviation = 76.7,
median = 54.0). A similar tendency was observed in the boxplots
of LAFmax (Fig. 4). The PA system and hammering were the sources
producing the highest LAFmax from airborne and structure-borne
noise sources but both were barely heard (6 and 4 events in total,
respectively). Once the PA system and hammering were excluded,
children’s jumping and dropping small items were found to be
have the higher LAFmax than others followed by children’s running
and movement of furniture. In addition, airborne noise sources
showed larger variations of median values than structure-borne
sources.
3.3. Impact of slab thickness and number of noise events for different
sources on noise levels
Fig. 5 shows the noise levels (LAeq,24-h, LAeq,Day, LAeq,Evening, and
LAeq,Night) across the slab thickness. Contrary to expectations, the
noise levels were not much changed with the increases of slab
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Fig. 4. Boxplots of A-weighted maximum sound pressure levels (LAFmax) for noise
source; airborne sound sources (grey boxes) and structure-borne sound sources
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Fig. 3. Boxplots of A-weighted sound exposure levels (LAE) for noise sources;
airborne sound sources (grey boxes) and structure-borne sound sources (white
boxes).
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thickness. For example, the medians of LAeq,24-h for 135 mm,
150 mm, 180, mm and 210 mm were 30.1, 30.4, 28.2 and 32.9
dBA, respectively. The 26 participating apartments were then clas-
sified into two groups according to their slab thickness (Group 1:
16 apartments with slab thicknesses of 135 mm and 150 mm;
Group 2: 10 apartments with slab thicknesses of 180 mm and
210 mm) in order to investigate whether the increase in concrete
slab thickness led to a reduction of noise events. Since the two
sample sizes were unequal, the Mann-Whitney tests were con-
ducted with noise levels (LAE and LAFmax), occurrence number,
and length of noise events as dependent variables. The dependent
variables only contained the data of structure-borne noises as the
grouping factor (thicker slabs) would only affect noise events of
structure-borne noises, not airborne noises. The median LAFmax
for Group 1 (53.1 dBA) was slightly higher than that of Group 2
(52.4 dBA) and there was no statistical significance found; the
medians of LAE for Groups 1 and 2 were 49.0 dBA and 49.1 dBA,
respectively. The number of occurrences between Groups 1 and 2
were not significant, whereas Group 2 had significantly longer
noise events than Group 1 (p < 0.01). These results indicate that
better sound insulation performance due to increased slab thick-
ness does not guarantee lower noise levels or fewer noise events
in real environments because occurrence of neighbour noise is
significantly influenced by neighbour’s behaviours and activities.
In order to investigate whether indoor noise levels are affected
by the number of occurrences and type of noise sources,
correlation analyses were conducted. Noise levels (LAeq and LAFmax)
for 24 h, day, evening, and night were used. Meanwhile, the num-
ber of occurrences for all of the sources and number of occurrences
for airborne, structure-borne, heavyweight impact, lightweight
impact, and four major sources were introduced across different
periods (24 h, day, evening, and night). The analysis was repeated
for two groups, who were classified according to their slab thick-
ness. The results of the correlation analysis are listed in Appendix
B. Contrary to expectations, LAeq were not related with the number
of occurrences for different types of sources. As shown in Fig. 6,
this may be due to a couple of the outliers which showed opposite
tendencies. For example, Site 1 showed the largest LAeq with just
seven noise events for 24 h and LAeq of Site 14 is much lower than
mean of 26 apartments although it has most number of noise
events. The high noise level from Site 1 was caused by noise from
a refrigerator in the kitchen. These results also revealed that indoor
noise levels in apartment buildings are mainly influenced by
neighbours’ behaviours and activities. However, the exclusion of
Sites and 1 and 14 resulted in some significant relationships
between noise levels and noise sources. Specifically, LAeq for 24 h
and during the daytime were significantly correlated with the
number of occurrences. In contrast, LAFmax had correlations with
the number of occurrences for different types of sources.
LAFmax,24-h and LAFmax,Day showed significant relationships with
the number of occurrences of all sources, lightweight impact, and
four major sources (r = 0.40, r = 0.40, and r = 0.39, respectively;
p < 0.05 for all). Moreover, LAFmax,Night for the all participated sites
and LAFmax,Night of Group 1 were found to have significant correla-
tion with airborne noise (r = 0.49 and r = 0.63 respectively;
p < 0.05).
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4. Discussions
The results of the overall noise levels showed that 20 of 26
apartments met the recommended daytime LAeq level of WHO
guideline during the daytime. This does not indicate that the noise
exposure levels are acceptable because the impact of outdoor noise
sources on indoor noise levels was very limited because the win-
dows were closed. The overall noise levels found in the present
study had a good agreement with Jeon et al. [12] when they mea-
sured noise levels at empty apartments with closed windows.
However, significant increase of indoor noise levels has been
reported when properties are occupied or windows are opened
so that outdoor noise is not controlled [7,12,13]. The noise levels
might have increased if the current measurements were also con-
ducted under natural ventilation conditions. During the night time,
the levels of eight of the residential apartments showed an excess
of the WHO limit value (30 dBA) in terms of LAeq for 8 h. The WHO
guideline also recommends that LAFmax should not exceed 45 dBA
during the night. It was observed that only four residential apart-
ments showed lower levels than this limit; thus, the residents in
22 apartments might have experienced sleep disturbance at night.
Most of the LAFmax at night were produced by movements of furni-
ture between 05:00 and 07:00 or between 23:00 and 00:00. This
finding is coincident with a previous study showing that some
interviewees complained about noise coming from upstairs early
in the morning and late night [20]. It was also found that the noise
levels showed large variations across the measured sites. The LAeq
for 24 h varied from 20.8 to 45.7 dBA, while the difference between
the lowest and highest levels of LAFmax was 40.7 dBA in the evening.
This indicates that noise levels in apartments are significantly
affected by neighbours and their activities.
The present study reported that the dominant noise sources in
residential apartments are human walking, movement of furniture,
and dropping of small items. This is consistent with the findings of
a questionnaire survey on floor impact sound [21] reporting that
children’s running, dropping of items, and adult’s walking were
major noise sources. However, surveys in European countries
reported quite different findings. A survey in the UK [22] showed
that the most annoying neighbouring noise sources were airborne
sources such as voices, dogs, and radio/television, whereas the per-
centage of neighbours footsteps and banging on walls or floors was
less than 10%. A survey in the Netherlands also indicated that
flushing sounds from a neighbour’s toilets were the most com-
monly heard [23]. It was also found that playing pop music was
the most annoying, followed by TV/radio and footsteps. The differ-
ence between the present study and the European studies could be
attributed to the dwelling types of the respondents. For instance, in
the UK study, the majority of the samples lived in semi-detached,
detached, or terrace houses, whereas only 13% of them lived in
either a flat or a maisonette [22]. A recent study on loudness and
annoyance of neighbour noise in residential buildings also
reported that subjective ratings varied across housing types [24].
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Most studies on auditory experiments have applied the same
noise level variations to different noise sources. For example, Jeon
et al. [25] reported the annoyance ratings of two drainage (i.e., a
bathtub draining and a flushed toilet) and two airborne noises
(i.e., conversation and piano) with the same noise level variations.
Ryu et al. [26] also investigated noise annoyance caused by five air-
borne sources (conversation, piano, ringing telephone, music, and
TV). During the experiments, the same noise variation of 30 – 50
dBA was applied to all the noise sources. However, the present
study revealed that variations of noise levels were different across
noise sources. Therefore, this finding is beneficial for future study,
in particular, auditory experiments using neighbour noises.
Previously, improvement of impact sound insulation of the
floors has been reported with increases of concrete slabs [17,18].
However, these measurements were mostly conducted in laborato-
ries using standard impact sources (i.e. impact ball and tapping
machine), and noise levels in real situations have not been
reported. The present study carried out the Mann-Whitney tests
to compare the two groups of apartment with different slab thick-
ness and found no significant difference between them. Therefore,
a different approach could be considered to enhance acoustic com-
fort in apartments. For instance, subjective impression of building
noise could be improved by dealing with non-acoustic factors.
Recent studies reported a few non-acoustic factors affecting sub-
jective reactions to floor impact noise such as the relationship with
neighbours and negative attitude to neighbours as a sound source
[27]. It was also reported that residents with higher intimacy with
neighbours expressed less noise annoyance than others. This
implies that noise annoyance could be reduced by using non-
technical factors.
In the present study, 23 of the 26 measurements were con-
ducted in warm seasons (spring, summer, and autumn). Under
such conditions, the measured noise levels might be greater than
the levels in winter because neighbours’ windows are frequently
opened. Additionally, 21 of the 26 measurements were performed
during the school term so that the noises produced by children’s
activities were limited. Therefore, additional longitudinal measure-
ments would be necessary in the future to cover all seasons and
school holidays. The noise measurements were conducted only in
living rooms in this study because noise complaints in living rooms
are much more common than in bedrooms [21]. However, approx-
imately 20% of neighbour noise was generated in bedrooms [8];
thus, the measurements in the bedrooms is a topic for future
research and practice. Another limitation of this study is the lack
of subjective data such as the noise annoyance ratings of the resi-
dents. It is quite common to report dose-response functions based
on 24-h noise levels and subjective ratings in the environmental
noise fields, but no one has attempted to show the relationship
between subjective impressions and 24-h noise level by highlight-
ing indoor noise, especially noise from neighbours. Therefore, it
would be valuable to conduct both field measurements and a ques-
tionnaire survey in residential buildings.
5. Conclusion
The present study carried out noise measurements for 24 h at 26
empty apartments in South Korea. From the measurements, LAeq
and LAFmax for 24 h, day, evening, and night were analysed. Levels
(LAE and LAFmax) and length of identified noise sources were then
calculated. Twenty of 26 apartments met the recommended WHO
guidelines during the daytime, whereas LAFmax in 22 apartments
were in excess of the recommended levels which could potentially
cause sleep disturbance. Airborne noise sources included PA sys-
tems, domestic equipment, voices of adults, and voices of children.
Structure-borne noise sources were more dominant than airborne
noise sources, for example human footsteps (adults’ walking,
children’s running and jumping), movement of furniture, dropping
or scraping small items, doors banging, plumbing system, and ham-
mering. It was found that adults’ walking, children’s running,move-
ment of furniture, and dropping of small items were the most
frequently occurring, accounting for approximately 80% of all the
noise events. Among the airborne noise sources, children’s voices
were found to have relatively higher noise levels than other
sources. Children’s jumping was found to have the most severe
structure-borne noise source in terms LAFmax. Hammering showed
the highest LAE, followed by the scraping of small items and chil-
dren’s running. The present study could not find any statistically
significant difference between the apartments with different slab
thickness. Moreover, indoor noise levels were affected by neigh-
bours’ behaviours and daily activities rather than major noise
sources and their number of occurrences. In the future, more pre-
ventative measurements, including both lightweight and heavy-
weight buildings, are required. Measurement of the noise levels in
source room would also be useful to better understand noise levels
from residents’ activities.
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Effects of ﬂoor impact noise on psychophysiological responses
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The present study analysed the effects of ﬂoor impact noise on humans using both psychological and
physiological methods. Floor impact noises caused by a standard impact source (i.e. impact ball) and ﬁve
real impact sources (e.g., human footsteps and dropped objects) were recorded as sound stimuli. During
the laboratory experiments, two factors that impact psychophysiological responses were considered: (1)
types of impact sources (standard or real sources) and (2) the levels of ﬂoor impact noise ranging from
31.5 to 63 dBA in terms of A-weighted maximum sound pressure level (LAFmax). Twenty-one normal-
hearing subjects were then asked to judge the noticeability and annoyance caused by the ﬂoor impact
noises. Meanwhile, the subjects' physiological responses (heart rate: HR, electrodermal activity: EDA, and
respiration rate: RR) were monitored throughout the experiments. Noise annoyance and noticeability
increased with increases in noise levels, the impact ball resulted in higher noticeability and annoyance
ratings than real sources. All physiological measures varied signiﬁcantly with noise exposure; HR
decreased, whereas EDA and RR increased. The results show that the physiological responses were not
affected by the type of noise source. In addition, the noise level was found to be signiﬁcantly related to
EDA and RR changes, whereas the relationship between the noise level and HR was not found to be
signiﬁcant.
© 2017 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction
Several researchers have found non-auditory health effects of
noise on people in laboratory and empirical studies [1,2]. Most
research has attempted to analyse long-term health consequences
of transportation noise such as aircraft or road trafﬁc noise.
Knipschild [3] argued that aircraft noise exposure is correlatedwith
medical treatment for heart trouble and hypertension, higher use of
cardiovascular drugs, and elevated blood pressure. Chronic expo-
sure to aircraft or trafﬁc noise increases physiological stress levels
which can be measured through blood pressure or overnight
epinephrine and norepinephrine [4,5]. Moreover, exposure to high
trafﬁc noise over long-term was reported to be correlated with the
risk of coronary heart disease mortality [6]. Questionnaire survey
studies also established a link between road trafﬁc and aircraft
noise and cardiovascular problems [7,8].
There is little evidence of health problems from noise in
dwellings, although people spend most of their time in or around
their home. In addition, questionnaire surveys or interviews are
used more frequently than epidemiological methodology. Guite
et al. [9] identiﬁed associations between dissatisfaction with the
noise from neighbours and mental health risks. Another study us-
ing a questionnaire survey reported that people who perceived
neighbour noise as a severe annoyance experienced higher health
risks including cardiovascular disease [10]. Hongisto et al. [11]
recently found that various neighbour noises had adverse effects
on sleep quality; particularly, they reported that footstep noise was
found to be one of the most disturbing impact noises from neigh-
bours. More speciﬁcally, recent studies [12,13] focused on ﬂoor
impact noisemainly produced by a neighbour's footsteps. Park et al.
[13] proposed a link between noise perception (i.e. annoyance and
disturbance) and noise reaction in a conceptual model based on
semi-structured interviews. In particular, according to their model,
annoyance induced by ﬂoor impact noise has a reciprocal rela-
tionship with mental or physical health complaints. This associa-
tion was validated by a questionnaire survey, later indicating
statistically signiﬁcant relationships between disturbance, annoy-
ance, and health complaints [12]. However, epidemiological evi-
dence was not established to conﬁrm any relationship between
dwelling noise and health problems.
The sound pressure level has been identiﬁed as a crucial factor
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affecting health problems. Chronic expose to continuous noise at
levels of at least 85 dBAwas found to lead to higher blood pressure
than individuals not exposed to noise [14]. It was also found that
ambient trafﬁc noise above 60 dBA had an impact on children's
blood pressure and heart rate [15]. More recently, Babisch et al. [8]
highlighted a signiﬁcant association between aircraft noise and
hypertension, which was stronger in more irritated people. Basner
et al. [16] found a positive relationship between increasing noise
levels and the risk of hypertension, strokes, and ischaemic heart
diseases including myocardial infarction. Based on the relation-
ships between noise levels and health issues, the World Health
Organisation (WHO) proposed guidelines on noise levels in built
environments to avoid damaging health effects [17]. The most
frequently used approach to the study of the perception of noise is
the use of questionnaires. However, self-reporting measures have
some disadvantages; for example, some people may be less sensi-
tive to small changes in stimuli than others and they may also tend
to answer in socially desirable ways or in such a way that they
would support the researcher's hypothesis. In contrast, physiolog-
ical measurements are not controlled by the subjects but are trig-
gered by the body, so that they can be regarded as objective
measures. Therefore, the use of physiological measurements, in
addition to questionnaires, would be beneﬁcial to the study of the
effects of noise on human and a number of studies have investi-
gated the effects of noise on human using physiological measure-
ments [18e21]. Despite a number of studies that reported the
impact of noise levels on people's health, none have dealt with
noise inside dwellings from neighbours, and in particular, ﬂoor
impact noise. Therefore, it is necessary to explore the physiological
responses to ﬂoor impact noise by measuring people's physiolog-
ical data. The physiological measurements injunction with subjec-
tive ratings could provide further scientiﬁc evidence of ﬂoor impact
noise on people.
Most studies on ﬂoor impact noise have used standard impact
sources to create noise stimuli (e.g., tapping machine and impact
ball). In particular, an impact ball has been used frequently in lab-
oratory experiments [22,23] based on the physical similarities of an
impact ball and humans. It was also reported that subjective per-
ceptions of the impact ball are more similar to humans than other
standard impact sources such as bang machine [23]. However, it
remains unclear whether the physiological responses to a standard
impact source are similar to those created by real sources.
This study aims to examine the psychophysiological responses
to ﬂoor impact noise through laboratory experiments using three
simple physiological measures (heart rate, electrodermal activity,
and respiration rate). The experiments were used to examine the
relationships between noise levels, source types, and psychophys-
iological responses, as well as to investigate differences in psy-
chophysiological responses between a standard impact source and
real sources.
2. Methods
2.1. Noise stimuli
Noise recordings were conducted in a test building which was
designed to simulate the living rooms of residential buildings in
Korea. Background noise level inside the test building was
approximately 25 dBA. The ﬂoor layer of the building consisted of a
210 mm thick concrete slab, a 30 mm thick resilient material, a
40 mm thick lightweight concrete, and 40 mm thick mortar. All the
room were furnished and wooden ﬂooring was installed as a ﬁn-
ishing material. The rooms were rectangular (4.5 m  3.5 m) and
the volume was around 38 m3. Noise stimuli were recorded
binaurally through a head and torso simulator (Brüel & Kjær Type
4100). The head and torso simulator was positioned on the sofa of
the receiving room and impact sources were dropped near the
centre of the source room ﬂoor. Diotic stimuli were made using
only the left channel signals of the binaural recordings, and were
then presented to the subjects in the laboratory experiment to
avoid the effects of spatial characteristics on perception [24]. The
whole sound reproduction system was validated by comparing
reproduced sounds with recorded sounds. The reproduced sounds
were recorded at the point of the subject's ear using a head and
torso simulator in an audiometric booth. The frequency response of
the reproduced sound was almost identical to the recorded sound
in the test building within 3 dB (octave band levels, 63e2000 Hz).
However, a minor difference was found at 31.5 Hz because the
frequency response of the loudspeaker was not ﬂat below 50 Hz.
A total of six different noise sources were used to represent a
majority of the impact noises in apartment buildings [25]. Five real
sources were used with a standard heavyweight impact source (i.e.
impact ball) adopted in ISO 10140-5:2010 Annex F [26]. The real
sources were classiﬁed into two groups based on their physical
characteristics; 1) heavyweight impact sources and 2) lightweight
impact sources. The heavyweight impact sources included human
footsteps, such as an adult walking barefoot, a child running and
jumping barefoot, while lightweight impact sources were the
dropping of a toy (0.5 kg) and the scraping of a chair. A male adult
subject with a weight of 70.1 kg and a height of 170.6 cm and a
seven years old child with a weight of 24.1 kg were chosen as
general walkers. The dropping height of the impact ball and the toy
was 1 m. The frequency characteristics of the stimuli are presented
in Fig. 1. All of the stimuli have similar frequency characteristics
with dominant sound pressure levels at low frequencies, especially
at 63 Hz and 125 Hz. Temporal features of the stimuli were also
analysed in terms of L10, L50 and L90 and A-weighted equivalent
sound pressure level (LAeq) and A-weighted maximum sound
pressure level (LAFmax), which was calculated using the Fast time
constant. L10, L50 and L90 describe the level exceeded for 10, 50, and
90% of the measuring period. As listed in Table 1, the sound climate
(L10 - L90) values for all noises were greater than 10 dBA, while the
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Fig. 1. Frequency characteristics of noise stimuli (AW: adult walking, CR: child running,
CJ: child jumping, SC: scraping of a chair, DT: dropping of a toy, and B: impact ball).
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scraping of a chair produced 38.1 dB difference between L10 and L90.
Park et al. [25] reported that the sound pressure levels of major
sources ranged from 30 to 65 dBA in residential buildings in terms
of LAFmax. Therefore, as shown in Table 2, LAFmax levels of the stimuli
were adjusted to cover ranges between 31.5 and 63 dBA in 3.5 dBA
intervals without spectral adjustments. Each real source had
different level variations based on the previous ﬁnding [25]. The
noises produced by an adult's walking and a child's running ranged
from 31.5 to 45.5 dBA, while the noises from a child's jumping had a
variation from 38.5 to 63.0 dBA. The dropping of a toy had a quite
minor variation from 42.0 to 49.0 dBA, while the noise level of a
chair scraping varied from 49.0 to 63.0 dBA. Contrary to the real
sources, the noise induced by the impact ball was adjusted to cover
a whole range from 31.5 to 63.0 dBA.
2.2. Experimental design
The experiment consisted of ﬁve sessions. As outlined in Table 3,
four of the ﬁve sessions (Sessions 1e4) were designed to evaluate
psychophysiological responses. Speciﬁcally, it was hypothesised
that noise level and the types of impact source might have an
impact on psychophysiological responses. In order to investigate
the effect of noise level on psychophysiological responses, the noise
levels of each source varied from 31.5 to 63.0 dBA. Sessions 1e4
lasted for around 15 min each and each session included 10 or 11
noise stimuli. A session duration of 15 min was chosen to avoid
fatigue effects and loss of concentration. Sessions 1e4 had varying
noise levels depending on the noise sources presented in the ses-
sion assuming that different noise exposure levels of each session
might affect noise annoyance. Session 1 and Session 4 covered the
entire range of sound pressure levels (LAFmax) from 31.5 to 63.0 dBA,
whereas the maximum LAFmax of stimuli presented in Sessions 2
and 3 were 52.5 and 42.0 dBA, respectively. As a result, the subjects
were exposed to quite a wide range of levels in each session. The A-
weighted sound exposure levels (LAE) of Sessions 1e4, which are
the equivalent sound levels during the event normalised to a period
of 1 s, ranged from 38.8 to 49.7 dBA. In order to determine whether
the types of the impact source affect psychophysiological re-
sponses, Sessions 1e3 included real impact sources and the stan-
dard impact source was presented in Session 4. Sessions 1-4
adopted noticeability and annoyance in each session as psycho-
logical measures; however, annoyance assessment of each stimulus
was not available due to other tasks. Therefore, Session 5 was
designed to analyse the noise annoyance of each stimulus caused
by both standard and real sources. The duration of Session 5 was
approximately 7 min, shorter than the duration of the other ses-
sions and the noise level of the stimuli covered the whole range of
the sound pressure level from 31.5 to 63.0 dBA.
Park et al. [25] reported that the medians of the length of noise
events were quite different across types of noise sources based on
the ﬁeld recordings in apartment buildings. Lightweight impact
sources such as movement of furniture and dropping small items
lasted for less than 10 s, whereas the durations of adults walking
and children's jumping were 18.4 and 32 s, respectively. Therefore,
in Sessions 1e4, all of the stimuli lasted for 23 s to represent human
footsteps in real buildings [25]. All of the stimuli were spaced at
equal intervals and each stimulus was separated by 50 s of silence.
For physiological measurements, the ﬁrst and last 2-min silence
periods were allocated in each session for resting time. On the other
hand, the duration of each noise was 8 s in Session 5 because it
aimed to evaluate the noise annoyance of each stimulus. It was
assumed that there would be no signiﬁcant difference between the
noise annoyance ratings of stimuli with different durations [27].
In each session, the stimuli were randomly presented via a
loudspeaker (Fostex PM-1 MKII) to avoid order effects. An ambient
noise was presented throughout the experiment, emanating from a
single loudspeaker (Fostex PM-1 MKII) located in front of the
listener. A 3-min interval was given after each session not just to
avoid any possible carryover effects between sessions but also to
give the subjects time to rate the annoyance of each session, to
ensure the subjects were comfortable inside the booth, and to
check that the electrodes were attached well. The ambient noise
was equalised to have a spectrum shape of noise criterion curve
(NC-35) to mimic typical ventilation noise.
Table 1
A-weighted equivalent sound pressure levels (LAeq), A-weighted maximum sound pressure levels (LAFmax), and percentile sound pressure levels for recorded noises [dBA].
Sources LAeq LAFmax L10 L50 L90
Real Adult walking 33.1 46.3 37.2 22.7 21.7
Child running 31.1 46.2 33.1 24.9 21.5
Child jumping 37.5 53.8 36.4 12.2 11.6
Dropping of a toy 35.1 50.0 37.7 21.5 21.2
Scraping of a chair 55.9 65.0 60.7 50.3 22.6
Standard Impact ball 51.3 64.9 52.1 23.8 21.7
Table 2
A-weighted maximum sound pressure levels (LAFmax) of noise stimuli.
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2.3. Measurements of psychophysiological responses
2.3.1. Psychological responses
It has been reported that the perception of noise is determined
by short notice-events [28e30]. Therefore, in the present study, the
psychological responses to ﬂoor impact noise were assessed in
terms of noticeability and annoyance. As shown in Table 3, the
noticeability of noise events was evaluated in Sessions 1e4, and the
subjects were requested to press a response button whenever they
heard a ﬂoor impact noise during the experiment. The subjects
were also asked to rate their annoyance at the noise exposure using
an 11-point scale (0¼ “Not at all” to 10¼ “Extremely”) at the end of
Sessions 1e4. Annoyance generated by short-term noise exposure
was evaluated in Session 5. In contrast to Sessions 1e4, the subjects
evaluated the noise annoyance of each noise stimulus using a
magnitude estimation technique. A reference noise with 42 dBA
was presented to the subjects before they were exposed to each
noise stimulus. They then rated the noise annoyance of the stim-
ulus on the basis that annoyance caused by the reference noise was
rated as 100. A training session for the magnitude estimation was
used to help subjects become acquainted with this method.
2.3.2. Physiological responses
In the current study, three simple physiological measures were
used: 1) heart rate (HR) expressed in beats per minute (BPM), 2)
electrodermal activity (EDA) expressed in micro Siemens (mS), and
3) respiration rate (RR) expressed in beats per minute (BPM). All of
the physiological responses were recorded on a laptop computer
using a MP 150 WSW digital acquisition system (BIOPAC Systems)
and were analysed using AcqKnowledge 4.4 (BIOPAC Systems). Two
wireless ampliﬁers were placed under the desk where the subjects
were seated. These ampliﬁers received all of the data from the
recording units via the operation of a Bluetooth transmitting mode.
The HR was gathered from the raw data of electrocardiographs
(ECG), while the ECG was measured through electrodes attached to
each subject's right wrist and both ankles. The EDA was measured
using electrodes attached to the subjects' index ﬁnger and the
middle ﬁnger of the right hand. The RRwas computed from the raw
respiration data, which was measured through a respiration
transducer belt worn around the chest. The respiration transducer
belt records respiration data by measuring the changes in thoracic
circumference that occur when an individual breathes.
It is known that there is a delay in the onset of stimulus-evoked
physiological activity [31]. As the present study only focuses on
analysing the response changes following such delays, the physi-
ological data in noise exposure was collected for the last 18 s,
excluding the ﬁrst 5 s immediately after each stimulus delivery
[32,33]. In addition, 50 s was designated before each noise stimulus
as a baseline for comparison with the next noise stimulus. The
subject's responses varied during baseline and noise exposure;
therefore, the percentage change (%) was calculated to adjust all the
different values [34]. The percentage change was deﬁned as the
percentage of change from the baseline to noise exposure.
2.4. Procedure
The subjects were asked to refrain from staying up all night or
drinking alcohol before bedtime on the day before the experiment,
and to avoid consuming caffeinated drinks on the day of the
experiment. The experiments were conducted in an audiometric
booth where the background noise level was set at approximately
25 dBA. To ensure precise measurements, all the electrodes were
initially attached to the subject's body (right wrist, two ﬁngers of
the right hand, and both ankles) to make sure that the gel on each
electrode was fully absorbed into the skin before the experiment
commenced. The subjects were asked to sit facing two loud-
speakers in front of them. A training session was carried out before
the sessions began. The training session was 3 min long and con-
sisted of noises produced by both real and standard impact sources.
The subjects attended the ﬁve sessions on two different dates and
the sessions were random. Given that resting and reading has a
strong correlation with perceiving noise annoyance [35], the sub-
jects were asked to read an e-book on a tablet placed in front of
them and asked to imagine that they were resting in their own
home.
Table 3
Outline of the laboratory experiment.
Sessions 1 2 3 4 5
Range of LAFmax [dBA] 31.5 ~ 63.0 31.5 ~ 52.5 31.5 ~ 42.0 31.5 ~ 63.0 35.0 ~ 63.0
Noise stimuli Type Real Real Real Standard Real/standard
Number 11 10 10 10 33
Source* AW
CR
CJ
SC
DT
AW
CR
CJ
SC
DT
AW
CR
CJ
DT
B AW
CR
CJ
SC
DT
B
LAE of the session [dBA] 49.7 43.1 38.8 46.8 52.8
Duration of the session [min] 16.6 15.3 15.3 15.3 7.3
Measurements Physiological response HR, EDA, RR HR, EDA, RR HR, EDA, RR HR, EDA, RR -
Psychological response Noticeability /
Annoyance of 
the session
Noticeability /
Annoyance of 
the session
Noticeability /
Annoyance of 
the session
Noticeability /
Annoyance of 
the session
Annoyance of 
each stimulus
*AW: adult walking, CR: child running, CJ: child jumping, SC: scraping of a chair, DT: dropping of a toy, and B: impact ball
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2.5. Subjects
Twenty-one subjects (8 males and 13 females) aged between 18
and 42 (mean ¼ 29.5, standard deviation ¼ 6.6) took part in the
experiment. None of the subjects reported hearing disabilities.
Seven subjects were married and six of them had a child or several
children. Of these subjects, 13 reported that they had experienced
being exposed to noises from their upstairs neighbours or were
experiencing issues with noise in their current dwelling.
2.6. Statistical analysis
Statistical analyses were performed using SPSS for Windows
(version 22.0, SPSS Inc. Chicago, IL). Differences in the mean values
were tested with the Wilcoxon signed-rank test to estimate the
signiﬁcance of the differences in the psychophysiological responses
between real and standard impact sources. Repeated measures
analysis of variance (ANOVA) was also used to investigate the ef-
fects of noise level and source type on the physiological responses.
GreenhouseeGeisser adjusted degrees of freedom were used for
tests of within-subject effects. In this study, p values less than 5%
(p < 0.05) were considered statistically signiﬁcant.
3. Results
3.1. Psychological responses
Fig. 2 shows the noticeability of ﬂoor impact sounds as a func-
tion of LAFmax across the different sources. For both noise sources,
the noticeability increased as the sound pressure level increased.
Two regression lines show the difference between the standard
impact source and real impact source. The solid and dotted lines
represent the noticeability of the standard source and the real
sources (AW, CR, CJ, SC, and DT), respectively. Some results of the
real sources are invisible because they overlap with those of the
standard impact source. For instance, the ratings of DT overlap with
B at 42 dBA, while CJ and DT also overlap with B at 45.5 dBA. The
correlation between noticeability and LAFmax was found to be sta-
tistically signiﬁcant (r ¼ 0.62, p < 0.01 for whole stimuli, r ¼ 0.64,
p < 0.01 for standard source, and r ¼ 0.61, p < 0.01 for real sources).
Around 60% of the subjects noticed the noises at 38.5 dBA and the
noticeability reached 100% when the levels were above 49 dBA.
Differences between the two impact sources were identiﬁed be-
tween 35 and 45.5 dBA, and the differences gradually increased as
the noise level increased. However, statistically signiﬁcant
differences between the sources were found at two levels (at 42.0
dBA, p < 0.01 and at 49 dBA, p < 0.05). It was found that the noti-
ceability of the real impact sources also varied at the same levels
according to the source type. For example, for noises at 38.5 dBA,
the noticeability ranged from 52.4% to 71.4%. This variation may be
the result of differences in temporal and spectral characteristics of
the noises.
Fig. 3(a) shows the mean magnitude estimates of noise annoy-
ance for each noise stimulus obtained from Session 5 using
magnitude estimation, while Fig. 3(b) represents the mean
annoyance ratings from Sessions 1e4. As shown in Fig. 3(a), the
mean magnitude estimates of noise annoyance increased as the
noise level increased for both standard and real sources. It was also
observed that standard deviations also increased along with in-
crease of noise level for both sources. The mean magnitude esti-
mates of the standard impact source were consistently higher than
those of the real impact sources and the statistical analysis conﬁrms
that the differences between the two sources were statistically
signiﬁcant at all levels. The correlation coefﬁcients between mean
magnitude estimates (annoyance ratings) and LAFmax were greater
than 0.9 for both sources (r ¼ 0.95, p < 0.01 for whole stimuli,
r ¼ 0.93, p < 0.01 for standard source and r ¼ 0.95, p < 0.01 for real
sources). A correlation analysis also highlighted that the annoyance
ratings of each stimulus were highly correlated with noticeability
for both sources (r ¼ 0.43, p < 0.01 for standard source and r¼ 0.47,
p < 0.01 for real sources).
0
20
40
60
80
100
30 40 50 60 70
]
%[ ytilibaecito
N
LAFmax [dBA]
Standard source
Probit regression of standard source
Probit regression of real sources
Real sources
Fig. 2. Noticeability ratings for ﬂoor impact noise (C: standard impact source andB:
real impact sources) as a function of LAFmax. Probit regression curves for standard and
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As shown in Fig. 3(b), the mean annoyance ratings of each
session varied slightly across the sessions. The Wilcoxon signed-
rank tests revealed that the mean annoyance ratings of Sessions
1e4 were all signiﬁcantly different (p < 0.01). Session 3 with the
real impact sources recorded the lowest noise annoyance rating
(mean ¼ 4.0, standard deviation ¼ 2.3) due to the lowest LAE. The
highest annoyance rating (mean ¼ 6.6, standard deviation ¼ 1.8)
was recorded in Session 4 with the standard impact source. The
rating of Session 1 with the highest LAE was slightly lower than
Session 4, indicating that the standard impact source resulted in
greater annoyance than the real sources. This implies that noise
annoyance ratings were affected by the source type as well as the
noise exposure level.
3.2. Physiological responses
The results of the psychological assessments demonstrate that
the subjects hardly noticed the noise and reported very low
annoyance ratings while noise levels remained below 38.5 dBA.
Thus, the noise stimuli at 31.5 and 35.0 dBA were excluded from
analyses of the subjects' physiological responses. Changes in HR,
EDA, and RR were averaged for Sessions 1e4 and the mean changes
were then presented for the standard and real sources in Fig. 4. The
mean changes are listed in Table 4 with medians and standard
deviations. The mean HR decreased by more than 1% for both
sources and the difference between the baseline and the noise
exposure was statistically signiﬁcant (p < 0.05). HR response to the
standard source decreased slightly more than that of the real
sources but there was no signiﬁcant difference between the sour-
ces. EDA increased signiﬁcantly due to noise exposure (p < 0.05).
The mean EDA changes were more than 2% for the standard source
and 1% for the real sources; the standard source resulted in a higher
increase than the real sources but the difference between the two
types of sourcewas not statistically signiﬁcant. Similarly, signiﬁcant
RR increases (more than 3% for both sources) were recorded when
subjects listened to ﬂoor impact sounds (p< 0.05). The RR change of
standard source was higher than that of real sources which can be
interpreted as meaning that the subjects weremore sensitive to the
standard impact source; however, the two changes were not sta-
tistically signiﬁcant.
Fig. 5 shows the mean changes of HR, EDA, and RR as a function
of LAFmax. Open circles indicate the results from real sources and
ﬁlled circles represent the responses to the standard impact source.
The mean changes are also summarised in Table 5 with medians
and standard deviations. Repeated measures of ANOVAwas used to
estimate the signiﬁcance of differences in physiological response
changes across different source (standard or real sources) and noise
levels (LAFmax). Source types had no signiﬁcant main effect on any of
the physiological responses. However, the main effects from noise
level were on EDA [F(4.348,86.953) ¼ 4.251, (p < 0.01)] and RR
[F(4.797,95.944) ¼ 4.748, (p < 0.01)]. The interaction between
source type and noise level had no signiﬁcant impact on HR and
EDA but inﬂuenced RR signiﬁcantly [F(4.772,95.439) ¼ 3.715,
(p < 0.01)].
The ﬁndings of the correlation analysis show that, for the
standard impact source, EDA and RR were inﬂuenced by LAFmax
(r ¼ 0.21, p < 0.01 for EDA and r ¼ 0.31, p < 0.01 for RR). For the real
sources, EDA was correlated with LAFmax (r ¼ 0.14, p < 0.01); how-
ever, the relationship between HR and LAFmax was not signiﬁcant.
Additional analysis was conducted to investigate whether the
physiological response changes were inﬂuenced by psychological
responses. As summarised in Table 6, noticeability for the standard
impact source had impacts on EDA and RR (r¼ 0.17, p < 0.05 for EDA
and r ¼ 0.41, p < 0.01 for RR) and annoyance also correlated with
EDA and RR (r¼ 0.23, p < 0.01 for EDA and r¼ 0.17, p < 0.05 for RR).
In addition, annoyance to the real sources were correlatedwith EDA
(r ¼ 0.13, p < 0.01).
4. Discussion
4.1. Psychological evaluations of the ﬂoor impact sounds
Previous research [28e30] has reported a strong relationship
between the noticeability and sound pressure levels of outdoor
noises. These studies have also suggested that noise annoyance
ratings can be explained by noticeability or detectability. The pre-
sent study expanded their ﬁndings to indoor dwelling noises that
are impulsive and transient. In this study, noticeability of ﬂoor
impact noise was inﬂuenced by noise level and noise annoyance
ratings were highly correlatedwith noticeability. This indicates that
ﬂoor impact noise, when heard in residential buildings, may have a
signiﬁcant impact on residents' subjective judgements.
The impact ball was found to have a similar physical charac-
teristic to humans in terms of mechanical impedance and impact
force [36]. The subjective impression of the impact ball sound was
also similar to a human-made sound [23]. Based on these ﬁndings,
the impact ball was introduced as a standard impact source in in-
ternational standard to mimic human footsteps (ISO 10140-5:2010)
[26]. However, the ﬁndings of the present study show that psy-
chological responses to impact ball sounds differed signiﬁcantly
compared to sounds produced by real sources in terms of both
noticeability and annoyance.
4.2. Changes in physiological responses due to noise exposure
Park et al. [13] previously developed a model suggesting the
relationships between noise exposure, annoyance, and health
complaints. Among them, the relationship between annoyance and
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Fig. 4. Mean changes of physiological responses during Sessions 1e4: (a) HR, (b) EDA, and (c) RR.
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health complaints was validated via a questionnaire survey [12].
The ﬁndings from the present study provided evidence to conﬁrm
this relationship in laboratory experiments. This study found that
the annoyance ratings of the standard source were correlated with
EDA and RR and the annoyance of real sources were correlatedwith
EDA. In addition, the present study revealed that noise level had
key effects on the mean changes in EDA and RR. This implies that
noise exposure might inﬂuence health problems as well as
annoyance conﬁrming the conclusion of a previous study [13] in
which multiple relationships between noise exposure, perception,
and health were suggested. An independent-samples T-test was
used in order to assess whether there was any difference between
the physiological responses of the subjects who had the past
experience of being exposed to ﬂoor impact noise (n ¼ 13) and
those who had no past experience (n ¼ 8). There was no signiﬁcant
difference between the HR and EDA of the two groups. However,
there was a signiﬁcant difference in the mean change of RR be-
tween those who had the past experience (mean ¼ 3.7%, standard
deviation ¼ 0.04) and those who did not have any past experience
(mean ¼ 3.4%, standard deviation ¼ 0.03); t (734) ¼ 3.20,
p ¼ 0.001). This is in line with Park et al.’s [13] previous suggestion
that having past experiences of noise exposure can affect health
complaints. In addition, it was found that there was a signiﬁcant
difference in noticeability between those who had the past expe-
rience (mean ¼ 77.3%, standard deviation ¼ 0.42) and those who
did not have any past experience (mean ¼ 63.1%, standard
deviation ¼ 0.48); t (619) ¼ 4.40, p ¼ 0.000), whereas the dif-
ferences in annoyance ratings between the groups were not
signiﬁcant.
Lang et al. [37] proposed a model indicating the relationship
between physiological responses and arousal intensity. According
to this model, people's physiological responses to the stimuli can be
classiﬁed into three stages: pre-encounter, post-encounter, and
circa-strike. Circa-strike is the ﬁnal stage, which involves active
defense and thus aims to eliminate reactions to secondary, probe
stimuli [37]. Before presentation of the stimuli, physiological re-
sponses such as HR and EDA are almost calm in the pre-encounter
stage, while HR decreases and EDA increases with exposure to
arousal stimuli during the post-encounter stage. The changes of HR
and EDA occur because people's attention is oriented to stimuli
[37,38]. While high arousal stimuli are presented, EDA keeps
increasing, but HR changes its direction upward. A number of
studies have conﬁrmed the changes in HR and EDA in the post-
encounter and circa-strike stages through laboratory experi-
ments. Bradley et al. [18] found that 6-s arousing and unpleasant
sounds led to signiﬁcant HR deceleration. Similarly, Hume et al. [19]
reported deceleration in HR during the presentation of 8-s sound
clips. On the other hand, several studies [20,21] using highly
arousing noise stimuli reported HR accelerations indicating the
circa-strike stage. Gomez et al. [20] used 30-s noise stimuli varying
from 52.2 to 77.5 dBA, while Holand et al. [21] presented 0.15-s
noise at 110 dBA to the subjects. Regarding the changes of EDA,
Tajadura-Jimenez et al. [39] found that unpleasant and arousing
sounds resulted in the largest EDA increases. Reinhardt et al. [40]
also reported a signiﬁcant increase in EDA resulting from 5-min
long noise exposures ranging from 78 to 93 dBA. In addition, EDA
increases evoked by noise stimuli were observed in recent sound-
scape studies [41,42]. In the present study, HR decreased but EDA
Table 4
Mean changes of physiological responses for standard impact source and real impact sources. Values in second and third rows represent medians and standard deviations.
HR EDA RR
Standard impact source Mean changes (%) 1.60 2.18 3.95
Median (%) 1.37 0.54 4.05
Std. deviation 0.02 0.04 0.03
Real impact sources Mean changes (%) 1.53 1.30 3.45
Median (%) 1.28 0.13 3.12
Std. deviation 0.03 0.04 0.04
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Fig. 5. Mean changes of physiological responses as a function of LAFmax: (a) HR, (b)
EDA, and (c) RR.
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increased due to noise exposure indicating that subjects were in a
post-encounter stage rather than a circa-strike stage. This is
because the noise levels presented in this study were not sufﬁcient
to lead to high arousal status and durations of noise exposure were
quite short.
Our laboratory experiment also revealed that RR accelerated
during noise exposure. This result is consistent with the ﬁndings of
previous studies [19,20,43], in which experiences of arousal or
emotions (e.g., anger and fear) lead to an increase of RR. Gomez
et al. [20] found accelerated breathing with decreasing pleasant-
ness using noises ranging from 52.2 to 76.7 dBA, while Gomez et al.
[43] reported an association between arousal incurred by sounds
and respiratory responses. Hume et al. [19] also found accelerated
RR with man-made sound exposures [12,13].
4.3. Relationship between sound pressure level and physiological
responses
A number of ﬁeld and laboratory studies have addressed the
associations between sound pressure levels and physiological re-
sponses. Several ﬁeld studies have reported that physiological re-
sponses were inﬂuenced by the sound pressure levels of stimuli.
Regecova et al. [15] found that children living in areas with high
levels of trafﬁc noise (>60 dBA) showed lower HR than those in
quiet areas, while Stansfeld [44] reported a positive correlation
between sound pressure levels and EDA. Zahr et al. [45] also found
signiﬁcant respiratory changes in infants when sound pressure
levels were reduced by wearing earmuffs. Moreover, Babisch et al.
[8] identiﬁed signiﬁcant relationships between transportation
noise levels and hypertension. However, a recent laboratory study
[19] came to the opposite conclusion; the sound pressure levels of
8 s stimuli were not correlated with physiological responses (heart
rate, respiratory rate, and forehead electromyography level). The
present study showed that sound pressure levels were correlated
with EDA and RR, whereas the relationships between HR and noise
levels were insigniﬁcant. The inconsistency between ﬁeld and
laboratory studies may be the result of different durations of noise
exposure. Contrary to ﬁeld studies dealing with longer noise
exposure [8,15,45], Hume et al. [19] and the present study focused
on short noise effects on physiological responses.
4.4. Future research needs
There are several points to be improved upon in the design of
future psychophysiological studies of ﬂoor impact noise. First, as
discussed in the previous section, different changes in HR have
been found in different studies. As most of them used short noise
stimuli (<30 s), further investigation using longer stimuli would be
helpful for understanding long-term changes of physiological re-
sponses including HR. Second, noise sensitivity has a signiﬁcant
inﬂuence on the prevalence of noise annoyance [46,47]. In partic-
ular, €Ohrstr€om et al. [47] stated that noise annoyance is affected not
just by general neurophysiological sensitivity but also subjectively
reported noise sensitivity. Future studies could focus on potential
physiological indices that can represent individual noise sensitivity
ratings. Third, this study measured three simple physiological re-
sponses (HR, EDA, and RR); however, additional measurements of
other physiological data (e.g., respiratory sinus arrhythmia: RSA)
would also be beneﬁcial to gain new or broader insights into the
adverse effects of ﬂoor impact noise. Fourth, the loudspeakers
could be located above the subjects to simulate the sound from an
upper ﬂoor and a subwoofer could be used to reproduce low fre-
quency sounds below 50 Hz.
Table 5
Mean changes of physiological responses at each noise level for standard impact source and real impact sources. Values in second and third rows represent medians and
standard deviations.
LAFmax [dBA]
38.5 42.0 45.5 49.0 52.5 56.0 59.5 63.0
a) Standard impact source
HR Mean changes (%) 2.79 1.90 1.22 1.10 1.79 0.95 1.59 1.78
Median (%) 2.90 1.89 0.41 0.86 1.93 0.76 0.91 1.75
Std. deviation 0.03 0.03 0.03 0.02 0.01 0.01 0.02 0.02
EDA Mean changes (%) 1.49 1.13 0.48 1.29 2.64 2.36 4.28 4.04
Median (%) 0.10 0.54 0.73 0.45 1.15 0.54 4.19 3.24
Std. deviation 0.05 0.02 0.03 0.03 0.05 0.05 0.02 0.04
RR Mean changes (%) 1.94 5.24 4.26 4.85 3.68 4.14 4.28 5.89
Median (%) 1.71 5.37 3.89 4.97 3.28 4.05 4.22 5.57
Std. deviation 0.04 0.02 0.04 0.03 0.03 0.01 0.01 0.02
b) Real impact sources
HR Mean changes (%) 1.84 1.77 1.63 1.77 1.25 1.59 0.26 1.04
Median (%) 1.47 1.46 0.68 1.52 0.86 1.40 0.16 0.39
Std. deviation 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.03
EDA Mean changes (%) 0.77 1.25 1.24 0.99 2.03 1.75 2.58 4.55
Median (%) 0.13 0.04 0.10 0.20 0.34 0.24 2.77 3.85
Std. deviation 0.02 0.04 0.04 0.04 0.05 0.05 0.05 0.04
RR Mean changes (%) 3.62 2.94 4.44 3.04 2.90 5.45 2.88 4.31
Median (%) 3.65 2.28 4.43 2.55 2.70 5.57 2.33 4.69
Std. deviation 0.03 0.04 0.04 0.04 0.02 0.03 0.03 0.03
Table 6
Correlation coefﬁcients between the mean changes of physiological responses,
annoyance, noticeability, and sound pressure level (LAFmax) (**p < 0.01;*p < 0.05).
Annoyance Noticeability LAFmax
a) Standard impact source
HR 0.13 0.12 0.03
EDA 0.23** 0.17* 0.21**
RR 0.17* 0.41** 0.31**
b) Real impact sources
HR 0.06 0.03 0.02
EDA 0.13** 0.02 0.14**
RR 0.01 0.04 0.05
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5. Conclusion
This study investigated subjects' psychological responses
(noticeability and annoyance) and physiological responses (HR,
EDA, and RR) to ﬂoor impact noises produced by both standard and
real sources. The ﬁndings show that noticeability increased with
higher sound pressure levels, and noise induced by the standard
impact source led to higher noticeability than the real impact
sources. Noise annoyance ratings also increased as sound pressure
levels were increased. The annoyance ratings of the standard
impact source were also greater than the real sources. The physi-
ological responses to noise stimuli were calculated from the
experiment. Deceleration in HR, increases in EDA and RR were
identiﬁed during the noise exposure, demonstrating that the noise
stimuli inﬂuenced the arousal status of the subjects. The physio-
logical responses were not affected by the type of source (standard
or real impact source), whereas the sound pressure level had a
major impact on EDA and RR. In addition, annoyance and notice-
ability for real sources were correlated with EDA and RR, whereas
psychological responses to the standard impact source showed no
relationship with any physiological measure. Future research is
required to further understand the long-term effects of ﬂoor impact
noise on physiological responses by considering subjects' personal
factors such as noise sensitivity.
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A B S T R A C T
The present study aims to explore the eﬀects of noise sensitivity on psychophysiological responses to ﬂoor
impact noises and road traﬃc noise. A standard impact source (i.e. an impact ball) and two real impact sources
(i.e. an adult's walking and a child's running) were used to record ﬂoor impact noises, while road traﬃc noise
was introduced as an outdoor noise stimulus. A total of 34 subjects were recruited based on their self-rated noise
sensitivity and classiﬁed into low and high noise sensitivity groups. During the laboratory experiments, all the
noise stimuli were presented for 5 min each, and the subjects rated their annoyance with each stimulus at the end
of each session. Their physiological responses (heart rate: HR, electrodermal activity: EDA, and respiratory rate:
RR) were measured throughout the experiment. The obtained noise annoyance ratings increased with increasing
noise levels for all the sources, and the high noise sensitivity group exhibited higher annoyance ratings than the
low noise sensitivity group. All physiological measures varied signiﬁcantly with the duration of noise exposure.
In particular, the EDA and RR values decreased sharply after 30 s, demonstrating strong habituation over time.
Noise sensitivity was found to signiﬁcantly aﬀect physiological responses, whereas noise levels showed no
signiﬁcant inﬂuence.
1. Introduction
It is well-known that both acoustic and non-acoustic factors con-
tribute to noise annoyance [1–6]. In particular, noise sensitivity has
been reported as a signiﬁcant non-acoustic factor aﬀecting annoyance.
Several studies have concluded that subjectively reported noise sensi-
tivity alters the eﬀect of noise exposure on annoyance [7–9], while
others have conﬁrmed that annoyance ratings are greater for people
with higher noise sensitivities [10,11]. Recent studies have also in-
dicated that the prediction of noise annoyance can be considerably
improved by adding noise sensitivity [12,13]. However, research to
date has tended to focus on outdoor environmental noise (i.e. road
traﬃc and aircraft noise), while little attention has been paid to indoor
noise such as noise from neighbours.
Recent evidence has highlighted that annoyance is related to non-
auditory eﬀects of noise, such as physical and mental health problems
[5,14–16]. Guski [5] suggested that a relationship exists between an-
noyance and negative feelings caused by noise, while Stansfeld and
Matheson [14] reported that noise might have serious psychological
eﬀects. Furthermore, Maschke and Niemann [16] found that annoyance
induced by neighbour noise had negative eﬀects on both physical and
mental health, such as cardiovascular health risks, migraine, or de-
pression. More recently, a series of studies on building noise proposed
the relationship between the annoyance caused by ﬂoor impact noise
and health-related complaints [17,18]. So far, however, there has been
little discussion on the relationship between annoyance and physiolo-
gical responses. In particular, physiological measurements have been
mainly used for emotional states [19–21] and physical health risks
[22–25].
Physiological parameters are responsive to various emotional states
including threat, frustration, anger, startle, and (un)pleasantness.
Therefore, an experimental setting with various stimuli (e.g. acoustic
modalities) is widely used to investigate aﬀective responses through
physiological measures [20]. Several attempts have also been made to
explore physiological changes due to arousal-evoking stimuli [26]. For
instance, it was found that heart rates decelerate, while electrodermal
activity and respiration increase [20,27–29] after presentation of sti-
muli. It was also observed that subjective estimations, particularly
arousal and pleasantness, were linked to physiological changes
[30–33]. In addition, several studies tried to investigate the impacts of
acoustic stimuli on physiological responses. Björk [34] found that
electrodermal activity increased for the stimuli exceeding 70 dBA.
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Stansfeld [35] claimed that most physiological responses to noise ha-
bituated rapidly and suggested that noise sensitivity was related to
higher electrodermal activity and heart rate, indicating physiological
arousal to noise [35]. Hume and Ahtamad [33] reported that un-
pleasant acoustic stimuli caused larger falls in heart rate, while more
pleasant sound stimuli resulted in bigger rises in respiratory rate.
However, the acoustic stimuli used in the aforementioned studies are
steady-state sounds and only lasted for short time periods ranging from
4 to 30 s; thus, the impacts of acoustic stimuli on physiological re-
sponses are still questionable for realistic situations with longer dura-
tions of noise exposure.
Stansfeld [35] provided an extensive review on relationships be-
tween noise sensitivity and various responses to environmental noise. It
was suggested that, for noise sensitive individuals, greater awareness of
external events contributes to the physiological responses or vice versa
[35]. In particular, it was reported that high noise sensitivity is asso-
ciated with higher level of physiological arousal, phobic, and defence/
startle responses, as well as slower habituation to noise [35]. These
mechanism between noise sensitivity and physiological responses has
been empirically validated by studies on environmental noise
[8,11,35,36]. Bigger changes in heart rates [8,35], higher skin con-
ductance levels, and slower habituation [11,35] were observed from
noise sensitive subjects while they were exposed to high noise levels. In
addition, Heinonen-Guzejev et al. [36] found a signiﬁcant increase in
cardiovascular mortality from noise sensitive subjects. On the other
hand, there is a lack of evidence explaining the link between noise
sensitivity and physiological response in the research ﬁeld on building
noise. It has been found that noise sensitive individuals reported higher
annoyance to various kinds of indoor noise [37] including ﬂoor impact
noise [17,18]. Furthermore, noise sensitivity has been reported to in-
crease health complaints either directly or indirectly [17,18]. While the
association noise sensitivity and physiological responses to building
noise was not explored in detail, it is worth examining the response
evoked by building noise and compare the responses between diﬀerent
noise sensitivities.
The main purpose of this study is to develop an understanding of
how noise sensitivity might aﬀect perception of noise and physiological
responses to noise. It was hypothesised that psychophysiological re-
sponses to noise might be diﬀerent across subjective noise sensitivity
and types of noise sources. Therefore, the subjects were recruited based
on their self-rated noise sensitivity and classiﬁed into low and high
noise sensitivity groups. Transient building noise transmitted from the
neighbours was used as a major type of noise stimuli, and steady-state
noise (road traﬃc noise) was added for comparison. Laboratory ex-
periments were conducted by using 5 min long noise stimuli. Noise
annoyance was evaluated after each stimulus presentation, and three
physiological measures (heart rate, electrodermal activity, and re-
spiratory rate) were monitored throughout the experiment.
2. Methods
2.1. Subjects
A simple online survey was conducted in order to examine subjects'
experience and attitude to ﬂoor impact noise. A link of the survey was
emailed to people who showed their interest in participating in the
experiment. They were asked to answer several questions about their
demographic characteristics, residential situation, previous experience
of being exposed to ﬂoor impact noise, noise sensitivity, and attitude to
the noise source. For the attitude to the source, six questions about the
upstairs neighbours [18] including ‘I am happy with living downstairs
of my upstairs neighbours’ were asked, and the replies were rated on a
5-point scale. Noise sensitivity was evaluated using the 21 questions
developed by Weinstein [38].
This study aimed to recruit more than 26 participants since this
number of participants are required to obtain 0.8 of statistical power in
correlation analysis. A total of 34 Korean subjects were chosen based on
their responses. They included 13 males and 21 females aged between
30 and 48 (mean=38.8, std. deviation=5.3). Half of them were in
their 30s, and the other half in their 40s. The median noise sensitivity
score of the subjects (median=81.5) was computed and used to split
the subjects into one group exhibiting ‘low noise sensitivity’
(median= 61 and std. deviation=6.6) and another exhibiting ‘high
noise sensitivity’ scores (median= 99 and std. deviation=5.9). As
listed in Table 1, either group contained 17 subjects. Thirteen subjects
were either not married or married but had no children, and others
reported that they had one or more children. It was found that 14
subjects showed positive attitude to their upstairs neighbours, whereas
negative attitude was found for 20 subjects. Attitude score diﬀerence
between the low and high noise sensitivity groups was not signiﬁcant.
The mean duration of residency in their current accommodation was
three years; thus the subjects were also divided into two groups based
on whether they lived in their current residence for less or more than
three years. Eighteen subjects had lived in their current residence for
less than three years, while the rest had lived in their residences for
more than three years. It was found that 12 subjects had experience of
making noise complaints regarding the noise from their upstairs
neighbours.
2.2. Stimuli
In the present study, both transient and steady-state noises were
used as noise stimuli. Floor impact noise, which represented the tran-
sient noise, consisted of real and standard impact noises induced by
human footsteps (hereinafter ‘real’ or ‘R’) and a standard heavy-weight
impact source (impact ball, hereinafter ‘ball’ or ‘B’). Road traﬃc noise
(hereinafter ‘traﬃc’ or ‘T’) representing the steady-state noise was in-
troduced for comparison with transient noises. Floor impact noises
were recorded in a test building with a low background noise level
(∼25 dBA). The ﬂoor layer of the test building consisted of a 210mm
thick concrete slab, 30 mm thick resilient material, 40mm thick light-
weight concrete, and 40mm thick mortar. The room where the re-
cording was carried out was furnished with wooden ﬂooring. An adult
walking barefoot (70 kg) and a child running barefoot (24 kg) were
chosen as the dominant real sources in residential buildings [39], while
an impact ball [40] dropped from 1m height was used as standard
impact noise. All the ﬂoor impact noises were recorded binaurally using
a head and torso simulator (Brüel & Kjær Type 4128C) positioned on a
sofa in the receiving room downstairs. The road traﬃc noise was re-
corded near a motorway in the suburb of Liverpool. A microphone
(Behringer ECM8000) connected to a digital recorder (ZOOM H4n) was
positioned 2m away from the motorway and 1.5m above the ground.
The motorway width was 11m (35 feet), and the average vehicle speed
was ∼60 km/h (37 mph). The traﬃc ﬂow was ﬂuctuating due to a
Table 1
Demographic and attitudinal factors for the subjects (N=34).
Number %
Gender Male 13 38.2
Female 21 61.8
Age 30s 17 50.0
40s 17 50.0
Noise sensitivity Low 17 50.0
High 17 50.0
Child(ren) at home Yes 21 61.8
No 13 38.2
Attitude to upstairs neighbours Positive 14 41.2
Negative 20 58.8
Length of residency Less than 3 years 18 52.9
More than 3 years 16 47.1
Experience of making noise complaints Yes 12 35.3
No 22 64.7
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roundabout located around 160m (0.1 miles) away.
Using the recordings, all the noise stimuli were edited to have the
duration of 5min. For the ﬂoor impact noise, only signals in the right
channel were extracted from the binaural recordings in order to avoid
any possible eﬀects of spatial characteristics on perception [41]. The
ball noises recorded at regular intervals between the impacts were
edited to replicate the footstep noise. For the road traﬃc noise, spectral
ﬁltering was applied to simulate the outdoor-to-indoor noise attenua-
tion using the condition of a closed window. Of diﬀerent simulated
closed windows [42], an attenuation with a median degree of isolation
was adopted in this study similarly to a previous study [43]. In this
condition, the attenuation increased from 12 dB for the 16 Hz and
31.5 Hz octave bands up to 35 dB for the 8 kHz octave band [42,43].
Temporal features of the noise stimuli are listed in Table 2 in terms of
A-weighted equivalent sound pressure levels (LAeq), A-weighted max-
imum sound pressure levels (LAFmax), A-weighted sound exposure levels
(LAE), and the level exceeded for 10% of the measurement period (L10).
Fig. 1 shows the frequency characteristics of the two ﬂoor impact noises
at 60 dBA (LAFmax) and the road traﬃc noise at 60 dBA (LAeq,5min).
Compared to the road traﬃc noise, the two ﬂoor impact noises show
their dominant sound pressure levels at low frequencies below 125 Hz.
2.3. Experimental design
In the present study, all the noise stimuli lasted for 5min to
understand the variations of the physiological responses over time. It
was also hypothesised that the noise level and type of impact source
might aﬀect the responses. The sound pressure levels of the ﬂoor impact
noises (LAFmax) were ﬁxed at 40, 50, and 60 dBA because the ﬂoor
impact noise was rarely noticed at levels below 40 dBA [17]. For
comparison with the outdoor noise, the road traﬃc noises were set at
40 and 60 dBA (LAeq).
Each subject took part in eight sessions with diﬀerent noise levels
and sources. The duration of each session was around 8min including a
rest period (i.e. baseline, 2 min), noise exposure (5min), and evaluation
of the noise annoyance (30s). All sessions were spaced at equal intervals
of 2 min silent baselines and presented randomly in order to avoid any
possible order eﬀect [44].
The sounds above 63 Hz were reproduced using a loudspeaker
(Genelec 8050 A), while the low-frequency sounds below 63 Hz were
presented using a subwoofer (Velodyne MicroVee) placed in front of the
subjects. A low-pass ﬁlter with a cut-oﬀ frequency of 63 Hz in the oc-
tave band was applied to the sounds reproduced by the subwoofer. An
additional loudspeaker was used for producing ambient noise at
31 dBA.
2.4. Psychophysiological measurements
After the noise exposure for 5min, the subjects were asked to rate
their annoyance using an 11-point scale (0= ‘Not at all’ to
10= ‘Extremely’) at the end of each session. Three physiological re-
sponses were measured for the entire duration of each session: heart
rate (hereinafter HR), electrodermal activity (hereinafter EDA), and
respiratory rate (hereinafter RR). All physiological responses were re-
corded via a data acquisition system (BIOPAC Systems MP150) and
analysed using AcqKnowledge 4.4 (BIOPAC Systems). Two wireless
ampliﬁers were placed just outside the audiometric booth where the
subject was seated in. The ampliﬁers received all the measurement data
via Bluetooth transmitting mode. The HR was derived from raw elec-
trocardiograph data which were measured using three electrodes at-
tached to the subject's right wrist and both ankles. The EDA was mea-
sured using two electrodes attached to the subject's index and middle
ﬁngers of the right hand. The RR was computed from raw respiration
data which were measured through a respiration transducer belt worn
around the subject's chest.
2.5. Procedure
The subjects were asked to avoid staying up late and drinking al-
cohol the night before the experiment and to avoid drinking any caf-
feinated drinks on the day of the experiment. The experiment was
carried out in an audiometric booth where the background noise level
was approximately 25 dBA. All the electrodes were attached to the
subject's body once the subject ﬁnished reading the information sheet
regarding the experiment and gave their consent to participate. The
subject was then helped to be seated comfortably on a chair. Road
traﬃc noise was played over a loudspeaker positioned 2m in front of
the subject, while ﬂoor impact noise was played over another loud-
speaker positioned above the subject. Each subject took part in a test
session at the beginning which lasted from three to 5min in order to
get all the measurement systems checked and calibrated before the
experimental sessions. The room temperature and humidity were kept
constant throughout the experiment to avoid their eﬀects on the phy-
siological responses [29].
2.6. Data analysis
Any erroneous data were discarded before the analysis [33,44], and
the identiﬁed respiratory irregularities were used for judging and re-
moving the remnant artifacts in the EDA and HR [45]. Due to the
variations of the subjects' physiological responses, percentage changes
Table 2
Noise levels of stimuli (dBA): A-weighted maximum sound pressure level
(LAFmax), A-weighted equivalent sound pressure level (LAeq,5min), A-weighted
sound exposure level (LAE), and percentile sound pressure levels (L10 and L90).
Stimuli source Label LAFmax LAeq,5 min LAE L10 L90
Ball B40 40.0 29.3 54.1 32.5 24.4
B50 50.0 37.8 62.6 41.8 25.2
B60 60.0 47.6 72.4 51.8 29.4
Real R40 40.0 30.1 54.9 34.0 25.5
R50 50.0 38.9 63.7 43.6 30.7
R60 60.0 48.9 73.7 53.6 40.8
Traﬃc T40 48.8 40.0 64.8 44.1 28.5
T60 68.8 60.0 84.8 64.1 48.5
Fig. 1. Frequency characteristics of the noise stimuli. Black lines represent
LAFmax and grey line represents LAeq. ●: impact ball, ○: real impact source, and
: road traﬃc.
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(%) representing the physiological response changes from the baseline
to noise exposure were calculated [46]. All the psychophysiological
responses were additionally analysed to ﬁnd out whether they were
inﬂuenced by acoustic or non-acoustic factors. Thus, the eﬀects of dif-
ferent noise levels, noise sources, noise sensitivities, and the duration of
noise exposure on the psychophysiological responses were investigated.
In particular, six time blocks of physiological data were analysed in
order to examine whether the physiological responses varied over the 5
min intervals. Fig. 2 shows a simple illustration how all the physiolo-
gical responses were computed for 30 s, 1 min, 2min, 3min, 4min, and
5min from the beginning of the noise exposure. Mean percentage
changes for these six durations were calculated and compared with the
mean percentage changes for the baseline before each noise exposure.
As potential factors aﬀecting the responses, several demographic factors
were also considered: age, gender, duration of residency, and number of
children living in the current residence. Impacts on the responses of the
attitude to the noise source (upstairs neighbours) and past experience of
making noise complaints were also examined.
Statistical analyses were performed using SPSS for Windows (ver-
sion 22.0, SPSS Inc., Chicago, IL). Main eﬀects of noise levels, type of
sources, and duration of exposure on annoyance and physiological re-
sponses were assessed using a repeated measures analysis of variance
(ANOVA). Wilcoxon signed ranks test was used to compare two related
samples such as annoyance ratings of Ball and Real, while Mann-
Whitney U test was used to test all responses between groups (e.g. noise
sensitivity). In addition, an independent samples t-test was used to
compare independent groups (e.g. the low and high noise sensitivity
groups). In the present study, p values of less than 5% (p < 0.05) were
considered as statistically signiﬁcant.
3. Results
3.1. Noise annoyance
Fig. 3 shows the mean annoyance ratings for diﬀerent noise stimuli
as functions of LAFmax and LAE. It was found that the noise annoyance
ratings increased with increasing noise level for all noise sources. The
results of the repeated measures ANOVA conﬁrm that the eﬀect of the
noise level on annoyance was signiﬁcant [F(1, 40)= 77.20, p < 0.01].
The correlation coeﬃcients between the annoyance ratings and noise
level were 0.78 and 0.75 for the ball and the real, respectively
(p < 0.01 for all). It was observed that the main eﬀect of the impact
noise type (ball or real) on annoyance is also signiﬁcant [F(1,
33)= 20.18, p < 0.01]. It was found that the annoyance ratings for
the real were signiﬁcantly higher than the ratings for the ball at 40 and
60 dBA, which will be denoted as B40 and B60 in the following for the
sake of convenience. This might be because the LAE levels are quite
diﬀerent even at the same LAFmax levels. For example, the diﬀerence in
LAE between the noises was 1.3 dB at LAFmax= 60 dBA. The annoyance
rating for the T40 case was close to those for B50 and R50 because the
corresponding noise levels are similar in terms of LAFmax and LAE. It was
also found that the annoyance rating for T60 was signiﬁcantly greater
than those for other stimuli.
In order to investigate the eﬀect of noise sensitivity on noise an-
noyance, the noise annoyance ratings from the groups with low and
Fig. 2. Calculations of physiological responses for diﬀerent durations of noise exposure (30 s, 1min, 2min, 3min, 4min, and 5min).
Fig. 3. Mean annoyance ratings as functions of (a) LAFmax and (b) LAE. ●: im-
pact ball, ○: real impact source, and : road traﬃc.
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high noise sensitivity scores were compared. As shown in Fig. 4(a) and
Fig. 4(b), for the ﬂoor impact noise, the high noise sensitivity group
reported greater annoyance ratings than the low noise sensitivity group.
The diﬀerences between the two groups increased with increasing noise
levels, and signiﬁcant diﬀerences were found at 50 and 60 dBA. A si-
milar tendency was found for the road traﬃc noise, with a signiﬁcant
diﬀerence between the groups at 60 dBA. For the low noise sensitivity
group, the noise level showed a signiﬁcant impact on annoyance [F(1,
21)= 19.40, p < 0.01], while the impact noise type (ball or real) also
had a main eﬀect on annoyance [F(1, 16)= 11.51, p < 0.01]. The
correlations between the annoyance ratings and noise level were sta-
tistically signiﬁcant (r=0.73, p < 0.01 for the ball and r=0.71,
p < 0.01 for the real). Similarly, for the high noise sensitivity group,
the main eﬀect of the noise level on annoyance [F(1, 22)= 165.31,
p < 0.01] and the inﬂuence of the impact noise type on annoyance [F
(1, 16)= 8.34, p < 0.05] were statistically signiﬁcant. The relation-
ships between the annoyance ratings and noise level were also sig-
niﬁcant, and the correlation coeﬃcients were greater than those for the
low noise sensitivity group (r=0.93, p < 0.01 for the ball and
r=0.88, p < 0.01 for the real). Result of Fisher's exact test conﬁrmed
that the correlation coeﬃcients of the low and high noise sensitivity
groups were signiﬁcantly diﬀerent (p < 0.01).
3.2. Physiological responses
In order to investigate how the physiological responses changed
over time, the mean changes of the HR, EDA, and RR were calculated
for diﬀerent durations of noise exposure ranging from 30 s to 5min. As
shown in Fig. 5, the mean changes of the HR slightly increased for
longer durations for both low and high noise sensitivity groups. Com-
pared to the HR, the EDA and RR showed more pronounced de-
pendencies on the noise exposure duration, initially increasing and then
rapidly decreasing as the duration increased. For instance, for the road
traﬃc noise, the low noise sensitivity group showed large variation of
the mean change of EDA from around 2% to−5%. As listed in Table 3,
the results of the repeated ANOVA conﬁrm that the mean changes of the
HR, EDA, and RR were signiﬁcantly aﬀected by the duration of noise
exposure (p < 0.01 for all the measures and sources). Fig. 5 compares
the diﬀerences between the two noise sensitivity groups. Both groups
showed similar tendencies over time; however, the changes of the high
noise sensitivity group were greater than those of the low noise sensi-
tivity group. In particular, the RR showed a signiﬁcant diﬀerence be-
tween the groups for all the noise sources. For the low noise sensitivity
group, the mean changes of the RR recovered and showed negative
values after 5min, whereas those of the high noise sensitivity group still
remained positive, implying that 5min might not be suﬃcient for
sensitive people to fully recover.
It is of note that the decrease of the mean changes of the EDR and
RR was most signiﬁcant between 30 and 60 s. This implies that the
initial changes of the physiological responses (e.g. the HR deceleration,
EDA increase, and RR acceleration observed for 30 s) represent arousal
status [26], and the physiological responses start to recover after 30 s.
Previously, Park and Lee [47] also found that arousal was caused by
23 s long stimuli of ﬂoor impact noise. Therefore, in the present study,
only the mean changes for 30 s were used for the detailed analysis.
The changes in the HR, EDA, and RR for 30 s were averaged across
the noise sources and are plotted in Fig. 6. The mean changes are also
listed in Table 4 together with standard deviations. The HR decreased
after the noise exposure, whereas the EDA and RR increased for both
low and high noise sensitivity groups. The diﬀerences between the
baseline and the noise exposure were statistically signiﬁcant for all the
noise sources and all the physiological measures (p < 0.01 for all). For
the impact ball, the HR of the low noise sensitivity group decreased to
−1%, whereas that of the high noise sensitivity group dropped to
around −3% on average. Similarly, after the presentation of real im-
pact sources and road traﬃc noise, the high noise sensitivity group
Fig. 4. Mean annoyance ratings for the low and high noise sensitivity groups:
(a) impact ball, (b) real impact source, and (c) road traﬃc. Asterisk indicates
signiﬁcant diﬀerences between the low and high noise sensitivity groups
(p < 0.01). ✕: low noise sensitivity group and△: high noise sensitivity group.
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Fig. 5. Mean changes of physiological responses over diﬀerent durations of noise exposure for the low and high noise sensitivity groups. ✕: low noise sensitivity
group and△: high noise sensitivity group.
Table 3
Results of the repeated measures analysis of variance (ANOVA) showing the eﬀect of the varying duration of noise exposure on the HR, EDA, and RR (*p < 0.01).
Impact ball Real impact source Road traﬃc
df F df F df F
HR
(Heart rate)
Duration 4 9.43* 4 17.49* 4 12.26*
error 130 127 126
EDA
(Electrodermal activity)
Duration 2 26.91* 2 20.74* 3 22.08*
error 80 61 99
RR
(Respiration rate)
Duration 3 29.06* 3 26.49* 3 22.46*
error 99 93 91
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showed greater changes in the HR than the low noise sensitivity group.
The independent samples t-test conﬁrmed that the diﬀerences in the HR
between the two groups were signiﬁcant for the impact ball and road
traﬃc noise (p < 0.01 for both). For the EDA, the high noise sensitivity
group showed greater changes than the low noise sensitivity group for
all the sources, although the diﬀerence between the groups was sig-
niﬁcant only for the impact ball (p < 0.01). The impact ball raised the
EDA of the low noise sensitivity group by 1.80%, while the mean
change of the high noise sensitivity group was more than 3% on
average. For the RR, the mean changes of the high noise sensitivity
group were slightly greater than those of the low noise sensitivity
group; however, the diﬀerences between the groups were not sig-
niﬁcant.
The mean changes of the HR, EDA, and RR for diﬀerent noise levels
are plotted in Fig. 7 for the two noise sensitivity groups. The results of
the repeated measures ANOVA conﬁrmed that none of the physiological
responses were signiﬁcantly inﬂuenced by diﬀerent noise levels and
diﬀerent impact sources. The decrease in the HR of the high noise
sensitivity group was greater than that of the low noise sensitivity
group at all levels and for all noise sources; however, there seemed to be
no signiﬁcant relationship between the HR changes and noise levels.
The statistical signiﬁcance of the diﬀerences between the two noise
sensitivity groups was found at B50, B60, and R50. It was observed that
the high noise sensitivity group showed greater EDA than the low noise
sensitivity group at all noise levels and for both impact noise sources.
However, there was no signiﬁcant diﬀerence in the EDA between the
two noise sensitivity groups. The RR showed no clear tendency with
increasing noise level, and a signiﬁcant diﬀerence between the two
noise sensitivity groups was found only at B40.
4. Discussion
4.1. Impacts of noise sensitivity on annoyance and physiological responses
The majority of previous studies have mainly focused on the eﬀects
of noise sensitivity on annoyance ratings for outdoor noises such as
environmental noise [3,8–11]. In contrast, the present study examined
indoor building noise (i.e. ﬂoor impact noise), as well as outdoor noise
(i.e. road traﬃc noise). The ﬁndings from the laboratory experiment
revealed that high noise sensitivity signiﬁcantly increased noise an-
noyance ratings of the indoor and outdoor noises. These results are
consistent with the ﬁndings of previous studies [4,7,8,10,11,17,48,49],
where noise sensitivity was found to be a crucial factor aﬀecting an-
noyance for the case of environmental noises. Furthermore, the ﬁndings
of this study conﬁrm that noise sensitivity inﬂuences annoyance for
indoor noise by extending an earlier study [37] on the impacts of noise
sensitivity on annoyance ratings for airborne and bathroom drainage
noises.
Conﬁrming ﬁndings in a recent laboratory experiment [47], this
study found decelerations in HR, increases in EDA, and accelerations in
RR at the beginning of the noise exposure. Decelerating HR and in-
creasing EDA indicate that the subjects were in ‘freezing’ stage ac-
companying with focused attention and potentiated startle [26]. In
Fig. 6. Mean changes of physiological responses for the low and high noise
sensitivity groups with error bars indicating standard deviations. Single and
double asterisk indicates signiﬁcant diﬀerences between the low and high noise
sensitivity groups.
Table 4
Mean and standard deviation values of the HR, EDA, and RR for diﬀerent noise sources and noise sensitivity groups.
Noise sensitivity group Impact ball Real impact source Road traﬃc
Mean [%] Std. Deviation Mean [%] Std. Deviation Mean [%] Std. Deviation
HR
(Heart rate)
Low −1.18 0.01 −2.07 0.01 −1.48 0.02
High −2.81 0.02 −2.71 0.02 −2.72 0.02
EDA
(Electrodermal activity)
Low 1.80 0.02 2.19 0.03 2.05 0.03
High 3.31 0.04 3.46 0.04 2.14 0.02
RR
(Respiration rate)
Low 5.09 0.06 4.62 0.04 4.84 0.06
High 6.27 0.06 5.37 0.07 5.52 0.05
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other words, the exposure to the noise stimuli evoked ‘freezing’ re-
sponses from the participants. In contrast, HR accelerates and EDA
keeps increasing in the ‘circa-strike’ stage where individuals take either
‘ﬁght or ﬂight’ response [26]. This study also showed that physiological
responses to noise were signiﬁcantly diﬀerent for varying noise sensi-
tivity. In particular, the changes in physiological responses from noise
sensitive group were greater than those from the low noise sensitivity
group. Greater deceleration in HR and greater increases in EDA and RR
were found from the subjects with high noise sensitivity for all the noise
sources, durations, and most of the noise levels. These results imply that
the subjects with higher noise sensitivity had the greater 'freezing' re-
sponses because they paid more attention to the stimuli compared with
subjects with low noise sensitivity.
In previous studies, noise-sensitive subjects showed higher EDA and
HR [35] and cardiovascular mortality signiﬁcantly increased among
noise-sensitive women [36]. This study also found diﬀerent physiolo-
gical responses between low and high noise sensitivity groups. How-
ever, the ﬁndings of this study showed a partial disagreement with
Stansfeld [35] because, in the present study, noise sensitive subjects
consistently showed lower HR compared to subjects with low noise
sensitivity. This disagreement can be explained by diﬀerent noise levels
at which the noise stimuli were presented. In the present study, noise
levels varied between 40 and 60 dBA, whereas Stansfeld [35] presented
the stimuli in the region between 75 and 100 dBA. This implies that
noise sensitive subjects in this study paid more attention to the stimuli
than low noise sensitivity group in the ‘freezing’ stage [26], whereas
noise sensitive subjects in the previous study [35] were in the ‘circa-
strike’ stage due to greater noise levels, representing bigger ‘alarmed’
response than low noise sensitivity group.
4.2. Other factors aﬀecting noise annoyance and physiological responses
The ﬁndings of the present study are in agreement with previous
studies [50–52] reporting that noise annoyance is signiﬁcantly aﬀected
by sound pressure levels. In particular, this result is in good agreement
with the work of Park and Lee [47], where the annoyance caused by
ﬂoor impact noise increased with the noise level. Contrary to the noise
annoyance, physiological responses were not aﬀected by the noise le-
vels for diﬀerent noise sources. However, Park and Lee [47] recently
reported that the EDA and RR changes were correlated with sound
pressure levels for ﬂoor impact noises. The disagreement may be at-
tributed to the diﬀerent settings of the laboratory experiments. Park
and Lee [47] employed a wider range of sound pressure levels (from
31.5 to 63 dBA, LAFmax) than the current study; thus it was possible to
investigate the relationship between the noise levels and physiological
responses. In comparison, in the present study we carried out tests only
for three sound pressure levels with longer noise exposure and focused
on the eﬀect of noise sensitivity, so the limited data did not allow us to
Fig. 7. Mean changes of physiological responses along with noise levels for the low and high noise sensitivity groups. Single and double asterisks indicate signiﬁcant
diﬀerences between the low and high noise sensitivity groups. ✕: low noise sensitivity group and△: high noise sensitivity group.
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conﬁrm the impact of the noise levels on the physiological responses.
Park and Lee [47] previously reported that annoyance ratings and
physiological responses showed signiﬁcant diﬀerences for diﬀerent
types of impact sources (ball or real). However, the present study did
not ﬁnd such diﬀerences in the physiological measures, which might be
due to the diﬀerences in the time histories of the impact ball noises used
here. In the previous study [47], the impact ball noises consisted of ten
single impulsive noises at regular intervals and showed signiﬁcantly
diﬀerent waveforms compared to the real noises. In contrast, the pre-
sent study edited the impact ball noises to replicate the waveforms of
the real impact noises. This result implies that human hearing and
perception (i.e. subjective annoyance rating) are more sensitive than
physiological responses to the diﬀerences between the impact ball and
real impact noises.
In the present study, it was found that none of the demographic
factors such as age and gender aﬀected the annoyance ratings and
physiological responses. Several studies [48,49,53] have reported that
attitudinal factors aﬀected noise annoyance; however, this was not the
case in the present study. This indicates that the questions used in this
study to measure the attitude of the subjects to the noise source might
have not been chosen in the best way. In contrast to the environmental
noise studies [49,53,54], where the noise sources are clear and simple,
it is much more complicated to identify the sources in apartment
buildings. Therefore, in the present study, the attitude to the noise from
the upstairs neighbours was assessed assuming that this type of noise
sources would be dominant. Nevertheless, the ﬁndings of this study
suggest that direct questions about the subject's attitude to noise or
their emotions expressed under noise exposure might be useful in the
future.
4.3. Eﬀects of noise exposure duration on annoyance and physiological
responses
The laboratory experiment showed signiﬁcant eﬀects of noise ex-
posure duration on all the physiological responses, with the HR accel-
erating and EDA and RR decreasing for longer durations. The accel-
eration of the HR can be interpreted by the subjects experiencing
stronger arousal based on the model stating the relationship between
physiological responses and arousal intensity [26]. According to the
model proposed by Lang et al. [26], the HR accelerates with increasing
arousal intensity. However, an increase in the HR can also be seen even
as the habituation to the stimuli or recovery phase occur after a certain
degree of deceleration [55]. Habituation is deﬁned as a decrease in the
strength of the response after repeated presentation of the same sti-
mulus [56]. During the laboratory experiments, the noises induced by
footsteps and vehicles were repeated for 5min; thus, the responses
evoked by the same stimulus could decrease. Similar tendencies were
found in the EDA and RR changes, indicating strong habituation over
time [55,57]. The EDA and RR increased by the initial stimulus pre-
sentations and then sharply decreased after 30 s. Most changes in the
EDA and RR over time stabilised in the region between 1 min and 5
min. These results clearly indicate that the subjects experienced arousal
in the very beginning due to the noise stimuli, but their responses
started to habituate after a certain period of time. Previous studies
[58,59] have also reported that the initial arousal responses changed
and recovered over time. Brosschot and Thayer [58] measured the HR
together with the emotional arousal eight times for each participant, at
1-h intervals. They reported that negative emotions delayed HR re-
covery compared to positive emotions [58]. In addition, Gerin et al.
[59] carried out HR and blood pressure measurements simultaneously
with performing anger-recall tasks. They found longer blood pressure
recovery time from participants who tended to ruminate about their
past events which provoked anger [59]. As both previous studies
[58,59] suggested, it can be assumed that emotional responses have
meaningful impacts on physiological responses. Future research on
emotional responses evoked by ﬂoor impact noise would be of worth
assessing in order to understand broader responses to this noise issue.
5. Conclusion
The present study investigated psychophysiological responses (an-
noyance, HR, EDA, and RR) to ﬂoor impact noises and road traﬃc noise
for the low and high noise sensitivity subject groups. It was found that
the annoyance ratings increased with increasing sound pressure levels
(40, 50, and 60 dBA for the ﬂoor impact noises (LAFmax) and 40 and
60 dBA for the road traﬃc noise (LAeq)). The high noise sensitivity
group showed signiﬁcantly greater annoyance ratings than the low
noise sensitivity group for all the sources. The physiological responses
to noise stimuli were calculated for diﬀerent durations of noise ex-
posure from 30 s to 5min. The EDA and RR initially increased and then
rapidly decreased after 30 s, indicating strong habituation over time.
Deceleration of the HR and increase of the EDA and RR were found
during 30 s noise exposure; the high noise sensitivity group showed
more pronounced changes in the physiological responses than the low
noise sensitivity group. The physiological responses were not aﬀected
by the type of noise source (standard or real impact source) and the
sound pressure level. Age, gender, and attitude to the noise source did
not aﬀect the annoyance ratings and physiological responses. The
ﬁndings of this study could contribute to the development of guideline
and policy on building noise by considering the residents' subjective
noise sensitivity. Further study is needed to conﬁrm the variations in
the physiological responses due to noise exposure in real situations.
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Abstract
In the present study, the effect of footstep noise on emotions was investigated. This study
used noise stimulus of human footsteps throughout the study. First, Korean emotion lexi-
cons were collected from narratives of residents living in multi-family housing buildings. The
lexicons were then classified into four emotion clusters, with three expressing negative emo-
tions (anger, dislike, and pain) and the fourth depicting empathy. Since self-reported annoy-
ance has long been investigated as one of the major non-auditory responses to noise,
annoyance was measured along with affective responses in a laboratory experiment with
varying noise levels. The findings revealed that the emotion and noise annoyance experi-
enced by the participants were significantly affected by noise levels. All clusters expressing
negative emotions showed strong correlations with noise annoyance, whereas that repre-
senting empathy showed the weakest correlation. Noise sensitivity and attitudes to the
noise source were observed as possible moderators in emotional responses and annoy-
ance ratings.
Introduction
Emotion is expressed in various forms such as facial expressions and language [1] and it has
been commonly investigated by analysing physical and linguistic expressions. Physical analy-
ses of facial expressions and physiological responses [2–6] are useful for identifying emotions
of which the perceiver is unaware [7]. However, subtle emotional feelings cannot be deter-
mined through physical analyses [8] because of the influences of psychological or physical
activities [9]. As another approach, emotion can be studied by examining linguistic expres-
sions. Russell [10] plotted lexicons on a circular model comprising two dimensions (pleasant-
ness and arousal) and showed the interrelationships between the emotions reported. A few
studies have also attempted to group emotions on the dimensional model based on their psy-
chological conditions [11–14]. Fehr and Russell [11] conducted series of study to group emo-
tion lexicons under a certain number of prototypes and to validate the grouping procedure.
Likewise, Ortony et al. [12] collected a number of lexicons from the literature on emotions and
categorised them into eight groups, including physical, affective, and cognitive states. These
eight categories were then tested by asking people to rate the emotion lexicons; it was found
that the most discriminable categories were affective, cognitive, external, and bodily conditions
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[13]. Instead of using the dimensional model, Shaver et al. [14] examined the hierarchical
structure of emotion concepts and specified prototypes of the emotion categories. They col-
lected 213 emotion lexicons and categorised them into the six groups of love, joy, surprise,
anger, sadness, and fear based on subjective ratings [14].
Emotion is a response to a stimulus as well as a quality of excitement that accompanies
instinctive reactions [15]. In order to understand the specific emotions provoked by stimuli,
different types of stimuli have been used in laboratory experiments. Among them, the most
commonly used stimuli are visual images, such as photographs and video clips. For example,
Greenwald et al. [16] measured emotions and physiological responses after the presentation of
photographic images evoking different emotions (e.g. happy baby or angry face). Acoustic sti-
muli have also been used to investigate emotions, with variations in sound source and acoustic
characteristics. In particular, a majority of acoustic stimuli include outdoor noises such as envi-
ronmental noise. From a group discussion conducted with participants who were exposed to
different noises consisting of environment and neighbour noises, Grimwood [17] reported that
three levels of emotional reactions are caused by noises heard at home. Namba et al. [18] devel-
oped adjective lexicons in five different languages in order to describe subjective impressions to
acoustic stimuli, including road traffic and construction noises. Using cluster analyses, they
found that the road traffic and construction noises were grouped together and that the lexicon
‘unpleasing’ was closely tied to ‘annoying’ and ‘noisy’ in most languages [18]. Gomez and Danu-
ser [19] presented 16 environmental noises for 30 seconds in order to evoke broad emotional
responses with varying affective valence and arousal. Hume and Ahtamad [20] also used 18
sound clips with a duration of eight seconds each, to investigate pleasantness and arousal, and a
majority of the sounds were environmental noises such as traffic and construction noises. In
contrast to research on environmental noise, research on emotional responses evoked by indoor
noise, such as neighbour noise, is scarce. Although Grimwood [17] investigated emotions
related to neighbour noise when studying environmental noise, a majority of the participants
were previously exposed to noise from roads, railways, and building works; thus, the emotional
reactions to neighbour noise alone were not determined. Stansfeld et al. [21] also pointed out
that noise from neighbours is a major source of annoyance and emotional responses in an
urban environment; however, its impact has not been studied adequately.
Noise is hazardous to people’s well-being [22]. In particular, exposure to neighbour noise
causes annoyance and disturbs activities [23–25]; thus, most studies on neighbour noise have
mainly focused on annoyance and sleep disturbance. Raw and Oseland [23] analysed subjec-
tive ratings of noise disturbance in conversion flats and reported that noise from upstairs
causes sleep disturbance. Through a questionnaire survey and laboratory experiment, Ryu and
Jeon [24] explored annoyance caused by indoor noise and the effects of noise sensitivity on
annoyance ratings. Park et al. [25] examined the relationship of annoyance caused by floor
impact noise with non-acoustic factors such as disturbance and reported that noise annoyance
significantly influences health-related complaints. The health risks induced by neighbour
noise have been previously reported by several researchers [22, 26, 27]. Additionally, recent
laboratory experiments [28, 29] have investigated physiological responses caused by floor
impact noise, which is one type of neighbour noise, but emotional reactions were not assessed.
Furthermore, neighbour noise results in disputes [30] and even crimes between neighbours
[31]. Stokoe and Hepburn [30] analysed discourses of dispute mediation interviews, and the
interview extracts clearly showed how residents react to and perceive their neighbours and
their noise. Specifically, the interviewees who had disputes with their neighbours described
their neighbours as unreasonable, irrational, unaccountable, and distressing [30]. Park [31]
reported that the number of registered noise complaints had soared and that there were four
murder cases caused by neighbour noise in 2013 in Korea. Park [31] also claimed that such
Emotions to footstep noise
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crimes are often retaliatory crimes caused by emotional reactions. Therefore, it is necessary to
explore the emotional responses evoked by floor impact noise because annoyance alone may
not adequately explain noise-related disputes and crimes.
The above discussion leads us to the following research questions: (1) What kinds of emo-
tional responses other than annoyance are evoked by neighbours’ footstep noise? (2) How are
emotional responses related to acoustic and non-acoustic variables such as noise level and
noise sensitivity? (3) Can social problems (e.g. neighbour disputes and crimes) be further
explained by emotional responses to footstep noise? This study aimed to answer the research
questions through online questionnaire surveys and a laboratory experiment. Emotion lexi-
cons on footstep noise were collected from a number of residents’ narratives, which were clus-
tered into different groups by a series of questionnaire surveys. A laboratory experiment was
conducted to test the clustered emotional groups with varying sound pressure levels. Partici-
pants with different noise sensitivity scores took part in the experiment.
Emotion classification
Lexicon collection
Korean emotion lexicons were collected from narratives of residents living in multi-family
housing buildings in South Korea. First, interview transcripts from a previous study [32] were
used to collect emotion lexicons regarding footstep noise. The interviews were carried out with
14 residents (five males and nine females) living in multi-family housing buildings; their ages
ranged from 21 to 55 years and the length of residency in their houses ranged from 10 months
to 15 years [32]. Expressions towards their neighbours’ footstep noise, such as ‘bothered’,
‘painful’, and ‘tolerable’, were identified in the transcripts. The second source of lexicons was
online communities. As listed in Table 1, posts on a total of 18 different online communities
Table?1. Online communities from which emotion lexicons were collected.
Community topic No. Launched date Number of
community membersa
Number of
collected posts
General 1 2004.02.26 3,002,761 754
2 2003.07.11 2,639,542 1,452
3 2007.03.03 193,842 893
4 2009.12.31 162,714 230
5 2006.03.30 126,532 64
6 2006.08.26 23,813 197
7 2012.11.19 12,197 41
8 2004.02.22 5,425 34
9 2012.10.02 3,339 12
For residents in
multi-family
housing buildings
10 2005.10.14 20,371 3,867
11 2010.06.15 4,430 765
12 2012.10.25 3,816 691
13 2014.05.12 2,282 192
14 2011.07.01 1,758 245
15 2016.07.11 829 96
16 2014.06.14 645 68
17 2011.01.11 511 129
18 2011.12.28 150 34
aDate of the number counting: 28/12/2017
https://doi.org/10.1371/journal.pone.0202058.t001
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were searched. Nine online communities concerned general topics, such as food, sports, and
children, so the members were not restricted to residents of multi-family housing buildings.
On the other hand, the other nine communities were limited to residents living in multi-family
housing buildings. Lexicons about footstep noise were collected by using the keywords listed
in Table 2. The two words ‘noise’ and ‘sound’ were used as the main keywords, and seven sub-
keywords, such as ‘floor’ and ‘neighbour’, were introduced. First, online posts containing a
combination of one main keyword and at least one sub-keyword were retrieved. Posts on
other types of neighbour noise (e.g. piano sounds, voice, chair scraping noise, etc.) were then
filtered out. All lexicons were screened based on published research on Korean emotion lexi-
cons [33–36]. After this process, a total of 120 lexicons expressing emotions towards neigh-
bours’ footstep noise were extracted.
Lexicon sampling and clustering: The survey study
The 120 lexicons collected from the interview transcripts and online communities were used
as a primary source in the surveys (Survey I and Survey II). The lexicons were sampled and
clustered through the surveys. Both surveys were conducted on an online survey platform
(QuestionPro). The study complied with all terms of service for the website. The survey invita-
tion was posted on public online communities, potential respondents were then contacted by
email and asked to complete the online questionnaire via an embedded link. The invitations
clearly stated the following details of the study: (1) the aim of this study is to explore emotions
towards indoor noise, (2) respondents should have normal-hearing and be residents of multi-
family housing buildings, and (3) respondents need to use headphones as sounds will be pre-
sented in the survey. These instructions were again presented on the first page of each survey,
along with a consent form. Only those who provided their consent by clicking “I agree” on the
first screen were directed to the questionnaire.
Noise stimulus. Footstep noises made by a child and an adult were played during the sur-
vey. This noise clip was recorded and used in a previous laboratory experiment [28]. The origi-
nal recording was 10-second long with dominant sound energies at low-frequencies of below
125 Hz. However, the reproduction of low-frequency components was affected by the hearing
device used by the respondents.
Lexicon sampling: Survey I. In the online questionnaire, the 120 lexicons were listed ran-
domly. The respondents were asked to listen to the noise carefully and to choose lexicons that
represented their emotions towards the stimulus. The noise stimulus was played continuously
until the respondents completed the questionnaire. A total of 133 residents (53 males and 80
females) volunteered to take part in Survey I. Sixty lexicons were chosen based on the frequen-
cies, and they were used in the subsequent survey.
Table 2. Keywords used for searching online postings. Korean lexicons used in the study can be found from one of
supporting materials (S1 Table).
Category Keywords
Main keyword noise
sound
Sub-keyword floor
between floors; inter-floor
neighbour
upstairs
foot; footsteps
running; jumping
walking
https://doi.org/10.1371/journal.pone.0202058.t002
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Lexicon clustering: Survey II. Sixty lexicons chosen from Survey I were randomly pre-
sented to the respondents in Survey II. As in Survey I, respondents evaluated the appropriate-
ness of the lexicons for the noise stimulus. The respondents were asked to carefully listen to
the noise and to rate the extent to which each lexicon was appropriate for expressing their
emotions towards the stimulus, using a 5-point scale (1 = ‘not at all’ and 5 = ‘extremely’). As
listed in Table 3, a total of 89 respondents (43 males and 46 females) took part in Survey II.
In the present study, the cluster analysis method was adopted to classify the lexicons based
on the respondents’ ratings. A hierarchical clustering analysis was performed based on the
average linkage algorithm and Euclidean distances between lexicons using SPSS for Windows
(version 22.0, SPSS Inc. Chicago, IL). Based on the results, 60 lexicons were classified into four
clusters (E1, E2, E3, and E4). Emotion lexicons in E1 were mainly related to ‘ANGER’ (e.g.
angry, vengeful), those in E2 mostly expressed ‘DISLIKE’ (e.g. unpleasant, bothered), and
those in E3 mainly expressed ‘PAIN’ (e.g. painful, distressing). Finally, emotion lexicons
expressing ‘EMPATHY’ were grouped in E4 (e.g. bearable, indifferent). As presented in
Table 4, E1 had the most lexicons, with 21 lexicons. This may imply that exposure to footstep
noise predominantly induces emotions related to anger. As listed in Table 5, the top 20 lexi-
cons were chosen based on the mean scores and they were used in the subsequent laboratory
study. There were five, six, four, and five lexicons in E1, E2, E3, and E4, respectively.
Laboratory experiment for the evaluation of emotions
Methods
Noise stimuli. The same noise stimulus (i.e. footstep noise) used in the online surveys was
used in the laboratory experiment. As mentioned earlier, it had dominant sound pressure lev-
els at low-frequencies. The noise levels of the stimulus were edited in terms of the A-weighted
maximum noise level (LAFmax), to cover a range from 30 to 60 dB in 5 dB intervals; thus, seven
noise stimuli were created. The duration of the stimuli was set to 80 seconds. The 10-second
long noise clips were edited to be repeated for 80 seconds.
Apparatus. The laboratory experiment was conducted in a sound-proof room with a low
background noise level (~25 dBA) in the Fire Insurers Laboratories of Korea (FILK). The floor
area was about 35.7 m2 (4.8 m × 7.43 m), which simulates the area of a living room in most
common apartments. There was a sofa in the middle of the space, a television in front of the
sofa, and an air-conditioner on the front wall. The volume of the room was 93.8 m3 (4.8
m × 7.43 m × 2.63 m), and the shape of the room was rectangular. Most surfaces were covered
with sound absorbers, and the reverberation time of the room was about 0.21 seconds at 1
kHz.
Table 3. Information about the respondents in Survey II (n = 89).
Number of participants
Age group 20s 4
30s 10
40s 49
50s 21
60s or over 5
Gender Male 43
Female 46
Past experience of
neighbour disputes regarding noise
Yes 50
No 39
https://doi.org/10.1371/journal.pone.0202058.t003
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Noise stimuli were reproduced using loudspeakers and a subwoofer in order to replicate
real footstep noise. Sounds above 63 Hz were presented via one loudspeaker (Genelec 8050A),
while low-frequency sounds below 63 Hz were presented via the subwoofer (Velodyne Micro-
Vee). A low-pass filter with a cut-off frequency of 63 Hz in the octave band was applied to the
sounds played via the subwoofer. The loudspeaker and subwoofer were placed in front of the
participants, with the loudspeaker mounted at 1.2 m above the floor to simulate the noise from
upstairs neighbours. An additional loudspeaker was used to present ambient noise at 31 dBA.
Participants. In order to assess statistical power, the sample size in previous research was
referred to. Park and Lee [29] previously measured self-rated annoyance when their partici-
pants (n = 21) were presented with floor impact noise stimuli and found strong correlations
between annoyance and noise level (r = 0.95). With this effect size, the sample size was esti-
mated using GPower to obtain 80% power with α = .05 [37, 38]. The results showed that a
total sample of n = 34 was needed. Based on this estimation, it was aimed to recruit a minimum
Table 4. Sixty lexicons grouped in four clusters.
Emotion
cluster
Number of
lexicons
Emotion
prototype
Sample lexicons
E1 21 ANGER get angry, get enraged, detestable,
resent, fury, vengeful
E2 10 DISLIKE awkward, bothered, irritated,
unpleasant, unwelcome
E3 16 PAIN my head is throbbing, feeling sick,
painful, suffering, tired
E4 13 EMPATHY bearable, just being patient,
no reason to get irritated, tolerable
https://doi.org/10.1371/journal.pone.0202058.t004
Table 5. Twenty lexicons used in the laboratory study. Korean lexicons used in the study can be found from one of
supporting materials (S1 Table).
Emotion cluster Median Mean SD Lexicon
E1 4 3.4 1.3 unhappy
3 3.2 1.3 detestable
4 3.2 1.3 can’t understand
3 3.0 1.4 get enraged
3 2.9 1.3 ridiculous
E2 4 3.7 1.2 bothered
4 3.6 1.3 unwelcome
4 3.5 1.3 dislike
4 3.4 1.3 get on my nerves
4 3.4 1.3 awkward
3 3.3 1.3 vexed
E3 3 3.3 1.4 suffering
4 3.2 1.3 tired
4 3.2 1.3 my head is throbbing
3 3.0 1.4 painful
E4 3 2.9 1.3 bearable
3 2.9 1.2 just being patient
3 2.9 1.3 tolerable
3 2.8 1.4 no reason for discomfort
2 2.8 1.4 think of it as usual
https://doi.org/10.1371/journal.pone.0202058.t005
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of 35 participants and a total of 41 Korean participants (22 males and 19 females) took part in
the study. A participant information sheet and a written consent form were provided to the
participants upon arrival, and only those who provided their consent participated in the study.
None of the participants reported hearing disabilities. Before the experiment, each participant
was asked to answer several questions about demographic information, noise sensitivity, and
attitude towards their upstairs neighbours. Noise sensitivity was evaluated using 21 questions
[39], and attitude towards their upstairs neighbours was assessed using six questions. The
questions can be found from one of supporting materials (S1 File). As shown in Table 6, the
majority of the participants were in their 30s and 40s. Half of them had one or more children,
and more than half reported that they had lived in their current dwelling for less than five
years. In order to observe a clear difference between the low and high noise-sensitivity groups,
participants with moderate noise sensitivity levels were excluded from the grouping. First, par-
ticipants’ noise sensitivity scores were divided into five groups using 20th, 40th, 60th, and 80th
percentiles from the observed mean score distributions as cut-off points. Second, the middle
range between the 40th and 60th percentiles was excluded. Thus, the low and high noise sensi-
tivity groups included individuals with scores lower than the 40th percentile and scores higher
than the 60th percentile, respectively. The mean noise sensitivity score of the low group was
79.6 (std. deviation = 6.3), and that of the high group was 102.1 (std. deviation = 6.4). The low
and high noise-sensitivity groups had 15 and 16 participants, respectively. Similarly, positive
and negative attitude groups were also divided while excluding the middle range between the
40th and 60th percentiles. Those whose attitude scores were lower than 16 were included in
the negative attitude group, while those who reported an attitude score higher than 18 were
included in the positive attitude group. The mean attitude score of the positive group was 23.4
(std. deviation = 3.6), and that of the negative group was 13.6 (std. deviation = 1.6). The posi-
tive and negative attitude groups contained 15 and 16 participants, respectively.
Procedure. A laboratory experiment was conducted to investigate the effect of noise levels
on emotions in terms of lexicons. The experiment was designed based on the hypothesis that
noise levels would influence emotion and annoyance ratings. Each participant was guided to
sit on a sofa in the middle of the room in a comfortable position, and he/she responded to
questionnaires on emotion and annoyance ratings while noise stimuli were presented for 80
Table 6. Information about the participants of the laboratory study (n = 41).
Number of participants
Age group 20s 5
30s 13
40s 20
50s 3
Gender Male 22
Female 19
Child(ren) at home Yes 20
No 21
Length of residency less than 1 year 7
1–3 years 12
3–5 years 13
5–10 years 1
10–15 years 8
Past experience of
making noise complaints
No 28
Yes 13
https://doi.org/10.1371/journal.pone.0202058.t006
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seconds each. All the stimuli and lexicons listed on the questionnaires were presented ran-
domly to minimise the order effect.
The participants were asked to rate 20 emotion lexicons on 7-point scales (0 = ‘not at all’
and 6 = ‘extremely’) according to the following instruction: ‘Please rate the extent to which
each lexicon is appropriate for expressing your emotions towards the noise you are currently
hearing’. Participants were also asked to rate the noise annoyance perceived due to each of the
noise stimuli. Participants were provided with the instruction ‘Please rate noise annoyance
perceived by the noise you are currently hearing’. Participants used a 7-point scale (0 = ‘not at
all’ and 6 = ‘extremely’) to indicate their level of annoyance. The ratings of emotions and noise
annoyance were then translated into a scale from 0 to 100 for assessments of percentage of
high emotion rating (%HE) and percentage of highly annoyed (%HA). Both measures were
defined as the percentages of emotion and annoyance responses which exceeded a certain cut-
off point. Schultz [40] used a cut-off of 72 in his synthesis to define %HA and the same cut-off
point was chosen in the present study for both %HE and %HA.
Participants were instructed to consider everything that they heard and felt during noise
exposure. Since 10 seconds of footstep noises were repeated over an 80-second period, partici-
pants could listen to the stimuli several times when they were responding to the questions.
Prior to the commencement of the experiment, each participant attended a trial session to
familiarise themselves with the experimental setting in which they responded using 7-point
numerical scales.
This study was approved by the School of the Arts Committee on Research Ethics, Univer-
sity of Liverpool. A local ethics committee does not exist; thus, approval was obtained from the
local institution where the laboratory experiments were conducted.
Data analysis. Statistical analyses were performed using SPSS for Windows (version 22.0,
SPSS Inc. Chicago, IL). The main effects of noise levels on the participants’ responses were
analysed using the repeated measures analysis of variance (ANOVA), and group differences
were examined using the Mann-Whitney U test and independent samples t-test. In the present
study, p values of less than 5% (p< 0.05) were considered as statistically significant. The data
used for the statistical analysis can be found from one of supporting materials (S2 File).
Results
Noise levels caused significant effects on all emotion and annoyance ratings. In addition, the
interaction effect between noise levels and noise sensitivity showed significant effects on rat-
ings, while no interaction effect was found between noise levels and attitudes. The effects of
noise level, noise sensitivity, and attitudes on ratings are listed in Table 7.
The high noise-sensitivity group showed greater emotion ratings for E1–E3 than the low
noise-sensitivity group (Fig 1). The differences in ratings between the two groups were the
smallest at the lowest noise level and they increased with an increase in noise level. Opposite
tendencies were found in E4, showing that participants who were sensitive to noise tended to
assign lower E4 ratings than the less sensitive participants. The results of the Mann-Whitney U
tests confirmed that the emotion ratings for the high noise-sensitivity group were significantly
distinct from those for the low noise-sensitivity groups, at all noise levels. Similar tendencies
were found between the positive and negative attitude groups (Fig 2). Significantly different
emotion ratings were found between the positive and negative attitude groups at most noise
levels.
Fig 3 presents the noise annoyance ratings of the noise-sensitivity and attitude groups as a
function of noise level. It was found that noise annoyance ratings increased with sound pres-
sure level and that the ratings of the high noise-sensitivity group were greater than those of the
Emotions to footstep noise
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Table 7. Results of repeated-measures ANOVAs, with noise level as within-subjects factor, and noise-sensitivity groups and attitude groups as between-subjects
factors.
Measurement Source df F Sig. Partial Eta Squared
E1 Within-Subjects
Noise level 6 147.41 .000 .88
Noise level x Noise-sensitivity group 6 11.28 .000 .36
Noise level x Attitude group 6 1.35 .239 .06
Error(Noise level) 120
Between-Subjects
Intercept 1 1096.16 .000 .98
Noise-sensitivity group 1 176.72 .000 .90
Attitude group 1 0.06 .804 .00
Error 20
E2 Within-Subjects
Noise level 4 115.44 .000 .85
Noise level x Noise-sensitivity group 4 13.11 .000 .40
Noise level x Attitude group 4 1.04 .390 .05
Error(Noise level) 73
Between-Subjects
Intercept 1 1079.61 .000 .98
Noise-sensitivity group 1 125.84 .000 .86
Attitude group 1 0.41 .527 .02
Error 20
E3 Within-Subjects
Noise level 6 134.87 .000 .87
Noise level x Noise-sensitivity group 6 12.29 .000 .38
Noise level x Attitude group 6 1.16 .332 .06
Error(Noise level) 120
Between-Subjects
Intercept 1 969.83 .000 .98
Noise-sensitivity group 1 130.51 .000 .87
Attitude group 1 0.00 .991 .00
Error 20
E4 Within-Subjects
Noise level 3 133.01 .000 .87
Noise level x Noise-sensitivity group 3 5.81 .002 .23
Noise level x Attitude group 3 0.50 .675 .03
Error(Noise level) 58
Between-Subjects
Intercept 1 632.73 .000 .97
Noise-sensitivity group 1 95.95 .000 .83
Attitude group 1 0.62 .442 .03
Error 20
Annoyance Within-Subjects
Noise level 6 272.56 .000 .93
Noise level x Noise-sensitivity group 6 14.94 .000 .43
Noise level x Attitude group 6 0.61 .722 .03
Error(Noise level) 120
Between-Subjects
(Continued)
Emotions to footstep noise
PLOS ONE | https://doi.org/10.1371/journal.pone.0202058 August 13, 2018 9 / 24
low noise-sensitivity group. The high noise-sensitivity group showed steeper changes in noise
annoyance than the low noise-sensitivity group. The results of the Mann-Whitney U tests indi-
cated that the differences between the sensitivity groups were statistically significant at all lev-
els, except for those at 30 dBA. Similar to the emotion ratings, the differences in noise
annoyance ratings between the noise-sensitivity groups were more significant with louder
noise. However, for the attitude groups, there was no significant difference between the posi-
tive and negative attitude groups.
The relationships between the ratings of emotions (E1–E4) and noise annoyance for the
low and high noise-sensitivity groups are presented in Fig 4. The E1–E3 clusters containing
negative emotions had positive correlations with noise annoyance, whereas the relationship
Table 7. (Continued)
Measurement Source df F Sig. Partial Eta Squared
Intercept 1 1261.79 .000 .98
Noise-sensitivity group 1 64.53 .000 .76
Attitude group 1 2.38 .139 .11
Error 20
https://doi.org/10.1371/journal.pone.0202058.t007
Fig 1. Ratings of perceived emotions for low (□) and high (×) noise-sensitivity groups as a function of noise level. Error bars indicate standard errors. Asterisks
indicate significant differences between means according to the Mann-Whitney U test (p< 0.05 and p< 0.01).
https://doi.org/10.1371/journal.pone.0202058.g001
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Fig 2. Ratings of perceived emotions for positive (□) and negative (×) attitude groups as a function of noise level. Error bars indicate standard errors. Asterisks
indicate significant differences between means according to the Mann-Whitney U test (p< 0.05 and p< 0.01).
https://doi.org/10.1371/journal.pone.0202058.g002
Fig 3. Ratings of noise annoyance for low (□) and high (×) noise-sensitivity groups and positive (□) and negative (×) attitude groups as a function of noise level.
Error bars indicate standard errors. Asterisks indicate significant differences between means according to the Mann-Whitney U test (p< 0.05 and p< 0.01).
https://doi.org/10.1371/journal.pone.0202058.g003
Emotions to footstep noise
PLOS ONE | https://doi.org/10.1371/journal.pone.0202058 August 13, 2018 11 / 24
between E4 and noise annoyance was negative. Fig 4 illustrates the differences between the low
and high noise-sensitivity groups in terms of the range of mean ratings. For example, the rat-
ings of E1 for the high noise-sensitivity group ranged from 1.1 to 5.1, whereas those for the
low noise-sensitivity group ranged from 0.5 to 4.0. Similar patterns were observed in the rela-
tionships between the four emotion clusters (E1–E4) and noise annoyance for the positive and
negative attitude groups (Fig 5). The ratings of the three clusters on negative emotions (E1–
E3) were positively correlated with noise annoyance, whereas that of E4 showed negative rela-
tionship with noise annoyance. The correlation coefficients for the relationship between the
ratings of emotions and noise annoyance for the positive and negative groups were similar to
those for the noise-sensitivity groups.
Correlations between emotions and noise annoyance with noise level and annoyance are
presented in Table 8. It also presents correlations tested with all participant responses, as well
as noise sensitivity and attitude groups’ responses. It was found that all emotions and annoy-
ance ratings showed significant correlations with noise level. It also shows that all emotions
showed significant correlations with annoyance. E4 was the only variable with negative corre-
lations and much lower coefficients than the other variables. This indicates that negative emo-
tions have a greater association with increased noise levels, and they are more useful for
understanding noise annoyance than emotion regarding empathy. Higher correlation
Fig 4. Relationships between noise annoyance and perceived emotions for low (□) and high (×) noise-sensitivity groups.
https://doi.org/10.1371/journal.pone.0202058.g004
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coefficients were found from the high noise-sensitivity group and negative attitude group
compared with the low noise-sensitivity group and positive attitude group. However, Fisher’s r
to z transformation showed that the correlation coefficients between groups were not signifi-
cantly different.
The percentages of high emotion ratings for the four clusters (%HE1–%HE4) as a function
noise level are plotted in Figs 6 and 7. Notable differences between the noise-sensitivity and
attitude groups were observed for all the emotion clusters. For the high noise-sensitivity group
(Fig 6), the percentage of highly rated E1 (%HE1) started to increase above 30 dB, and it
reached 100% at 45 dB. However, the low noise-sensitivity group’s %HE1 remained at 0%
until 55 dB. This indicates that participants who were sensitive to noise chose rating scores
above the cut-off point (5 or 6 on a 7-point numerical scale), even at low noise levels such as 35
dB. However, no one in the low noise-sensitivity group selected 5 or 6 even at 55 dB. Similar
tendencies were found in the E2, E3, and E4, showing huge differences between the noise-sen-
sitivity groups. For example, when LAFmax was at 50 dB, the %HE2 and %HE3 were 100% for
the high noise-sensitivity group, whereas they were 0% for the low noise-sensitivity group.
Although the tendencies are less clear than those for the noise-sensitivity groups, the %HE1–%
HE3 of the negative attitude groups were consistently higher and the %HE4 was lower than
those of the positive attitude group (Fig 7).
Fig 8 compares the percentages for those who were highly annoyed (%HA) in the noise-sen-
sitivity and attitude groups. For the high noise-sensitivity group, the percentage of those who
Fig 5. Relationships between noise annoyance and perceived emotions for positive (□) and negative (×) attitude groups.
https://doi.org/10.1371/journal.pone.0202058.g005
Emotions to footstep noise
PLOS ONE | https://doi.org/10.1371/journal.pone.0202058 August 13, 2018 13 / 24
were highly annoyed (%HA) increased sharply in the region between 40 dB and 45 dB, and it
then reached 100% at 50 dB. In contrast, the %HAs of the low noise-sensitivity group remained
at 0% until 45 dB, and it increased slowly above 50 dB. For the attitude groups, the %HA of the
positive attitude group increased more slowly than that of the negative attitude group.
Discussion
Lexicon clusters
As described by Roseman et al. [41], emotion is caused by the way in which a person interprets a
situation (i.e. appraisals). For instance, people feel pain or fear if they believe that they will not be
able to resolve a negative situation satisfactorily [42]. The four emotion clusters evoked by neigh-
bour noise may also have had a relationship with potential appraisals. The first cluster, E1, which
contains the largest number of lexicons, was related to anger and hostility, mainly towards the
noise source (i.e. upstairs neighbours). Anger is caused by a blocked ‘goal’ [43], which may cause
the perception of the absence of a reward or presence of a punishment [44]. The term ‘goal’ is
referred to as an outcome that is personally significant [45, 46]. If the noise of neighbours’ foot-
steps has frequently disturbed residents’ significant activities, such as sleeping and studying (i.e.
‘goal’) [32], these experiences might lead to anger-related emotions. Anger is also linked with a
specific appraisal called ‘other-blame’, which is a belief that the unpleasant situation was wrongly
caused by someone or something [45]. Indeed, it may be argued that residents who appraise the
noise event as their upstairs neighbours’ fault or carelessness would perceive anger-related emo-
tions towards their neighbours. The appraisal of ‘other-blame’ contains a belief that the person
causing the event acted in an improper or unfair manner [14, 44]; thus, residents might perceive
anger-related emotions towards their neighbours who do not act appropriately regarding the
Table 8. Correlations of emotions (E1–E4) and noise annoyance with (a) noise level and (b) annoyance; tested between all participants, noise-sensitivity groups, and atti-
tude groups.
(a) E1 E2 E3 E4 Annoyance
All participants (n = 41) Noise level .63

.70

.64

-.37

.77

Noise-sensitivity group Low
(n = 15)
Noise level .64

.74

.64

-.26

.80

High
(n = 16)
Noise level .67

.74

.70

-.43

.77

Attitude group Positive
(n = 15)
Noise level .52

.59

.52

-.17

.70

Negative
(n = 16)
Noise level .72

.80

.74

-.36

.86

(b) E1 E2 E3 E4 Annoyance
All participants (n = 41) Annoyance .87

.88

.89

-.66

1
Noise-sensitivity group Low
(n = 15)
Annoyance .87

.87

.81

-.46

1
High
(n = 16)
Annoyance .81

.85

.78

-.56

1
Attitude group Positive
(n = 15)
Annoyance .83

.88

.82

-.45

1
Negative
(n = 16)
Annoyance .88

.89

.84

-.44

1
 p< 0.05;
 p< 0.01
Sample size (n) of each group was the same for all tested correlations.
https://doi.org/10.1371/journal.pone.0202058.t008
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noise problem (e.g. by not apologising and continuing to make the noise). Noise-related crime
among neighbours [31] could also be explained in relation to anger, which often motivates
approach and attack behaviours [42].
The lexicons in the E2 cluster were related to the emotions of dislike and irritation, mostly
towards the situation of noise exposure. Most lexicons in this cluster were closely related to the
E1 cluster on anger. For instance, Shaver et al. [14] classified ‘irritation’ under a prototype of
‘ANGER’. However, there are two significant differences between E1 and E2. Firstly, the lexi-
cons in E1 expressed emotions mainly towards neighbours, whereas those in E2 tended to target
the situation of noise exposure. Secondly, E1 and E2 had different levels of arousal according to
the structure of emotion [10, 47, 48]. Most structures of emotion (e.g. Watson and Tellegen [47]
and Larsen and Diener [48]) were developed based on the suggestion made by Russell [10], who
proposed the structure of emotion using a circular model comprising two dimensions (appraisal
dimensions of arousal and valence). According to the dimensional models, the lexicons in E1
and E2 had different levels of arousal; lexicons in E1 showed relatively high arousal, whereas
those in E2 showed lower arousal. In this study, E2 also showed greater correlations with annoy-
ance ratings compared with the other clusters, possibly due to the semantic similarity between
the lexicon ‘annoyance’ and the lexicons in E2, such as ‘bothered’ or ‘irritated’. Guski et al. [49]
examined the concept of noise annoyance in different languages and listed ten expressions
which were rated similarly to ‘annoyance’. Most of them overlapped with the lexicons in E2,
such as ‘get on my nerves’, ‘irritated’, and ‘vexed’.
Fig 6. Percentage of high emotion ratings (%HE1–%HE4) for the low (□) and high (×) noise-sensitivity groups as a function of noise level. Probit
regression curves are also presented for both groups.
https://doi.org/10.1371/journal.pone.0202058.g006
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The third cluster (E3) mainly contained lexicons representing physical and emotional
pains. Shaver et al. [14] explored various lexicons expressing general emotions and grouped
them into six groups including ‘ANGER’ and ‘SADNESS’. In particular, ‘SADNESS’ included
Fig 7. Percentage of high emotion ratings (%HE1–%HE4) for the positive (□) and negative (×) attitude groups as a function of noise level. Probit
regression curves are also presented for both groups.
https://doi.org/10.1371/journal.pone.0202058.g007
Fig 8. Percentage of highly annoyed (%HA) for the low (□) and high (×) noise-sensitivity groups and positive (□) and negative (×) attitude groups
as a function of noise level. Probit regression curves are also presented for both groups.
https://doi.org/10.1371/journal.pone.0202058.g008
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a subgroup expressing pain, such as ‘suffering’ and ‘hurt’. However, in this study exploring the
emotions evoked by a particular type of noise, pain was found to be one of the main emotion
clusters. The emotion lexicons expressing sadness were initially included in the 120 collected
lexicons, but they were not chosen often by the respondents in Survey I; consequently, they
were not included in the 60 lexicons used in Survey II. This implies that the exposure to neigh-
bours’ footstep noise may not elicit the emotion of sadness to a considerable extent. In contrast
to the emotions in E1 and E2 targeting the noise source and situation of noise exposure, res-
pectively, the lexicons in E3 expressed the physical and emotional pain perceived by the
respondents. For example, the lexicon ‘vengeful’ (E1) was directed towards the upstairs neigh-
bours who were responsible for making the noise, and the lexicon ‘unpleasant’ (E2) was
directed towards the situation that the respondent was exposed to the noise. On the other
hand, ‘feeling sick’ (E3) was an expression that described what the respondent felt or perceive
inwardly. These findings are in line with the results of a previous study suggesting that neigh-
bour noise evokes outwardly directed aggression and inward reactions such as tension and
feelings of pressure [17]. Given that many lexicons in E3 described physical pain (e.g. my head
is throbbing, feeling sick, tired), this finding added further evidence to a previous finding that
floor impact noise increases health complaints [25, 32].
The fourth cluster (E4) contained expressions narrated by residents who understood the sit-
uation of the noise event or their neighbours’ circumstances of making noise, or by those who
did not care much about the noise exposure. The lexicons in E4 expressed sympathy and
empathy. According to Wispe´ [50], sympathy is a way of relating to others, which refers to an
increased awareness of another person’s plight as something to be alleviated, and therefore, it
leads to an unselfish concern for the person. On the other hand, empathy is a way of knowing,
which is an attempt of understanding the subjective experiences of another person without
prejudice [50]. Some lexicons in E4 could be used to express sympathy. However, the other
lexicons implied indifference or mere knowing and understanding, which comprise empathy
[51, 52] rather than sympathy. Thus, the prototype E4 was labelled as ‘EMPATHY’. In addi-
tion, empathy has been suggested to weaken annoyance as well as a vigilance coping strategy
(e.g. making noise complaints) [32]. Thus, respondents who tended to exhibit higher ratings
on the empathy-related cluster might have been likely to indicate having a lower level of
annoyance. Moreover, it is unlikely for them to choose a vigilance coping strategy, as it may
lead to conflicts with their neighbours [32]. This is in agreement with the findings of Zaki and
Ochsner [53] who suggested that individuals often want to approach empathy when it facili-
tates important social goals, such as relationship formation and maintenance. Here, the rela-
tionship between neighbours can also be considered a variable that has a strong influence on
empathy. Park et al. [32] proposed that the relationship with one’s neighbours is an interven-
ing condition that influences one’s perception of noise events. It can be assumed that residents
who have close and positive relationships with their neighbours may say ‘there is no reason to
get angry’ (E4) regarding a noise event. In such situations, empathy develops through the posi-
tive relationship with one’s neighbours. However, intervening conditions may decrease peo-
ple’s empathy when it is painful or costly, or when they interact with outgroup targets [53].
Intervening conditions
As mentioned earlier, intervening conditions cannot be overlooked when it comes to explain-
ing emotions. Appraisals influence the emotions that are evoked [41], while other variables
influence the procedure of appraisal. For example, residents who have a negative relationship
with their neighbours may perceive less empathy and more negative emotions. The present
study tested two intervening conditions which were suggested to have reciprocal relationships
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with the perception of and reaction to floor impact noise [32]: noise sensitivity and attitude
towards neighbours. Guski [54] also emphasised that noise sensitivity, personal evaluations of
the source, coping capacity, general attitude, history of noise exposure, and residents’ expecta-
tions have important influences on noise annoyance. This study confirmed the findings of pre-
vious studies [24, 28, 32, 54], showing notably different trends between noise-sensitivity
groups and attitude groups. Ryu and Jeon [24] highlighted a significant impact of noise sensi-
tivity on the annoyance evoked by indoor residential noises. Park et al. [28] also found signifi-
cant differences in the annoyance ratings for floor impact noise between low and high noise-
sensitive participants via a laboratory experiment. Similarly, the present study found signifi-
cant differences between the noise-sensitivity groups, which imply that higher noise sensitivity
would influence individuals’ appraisals to perceive higher anger, dislike, and pain, whereas low
noise sensitivity may lead to a more empathetic appraisal of the event. This study also revealed
that attitudes towards neighbours had an influential role in emotion and annoyance-evoking
appraisals. Although there are clearer differences between the noise-sensitivity groups than the
attitude groups presented in Figs 1 and 2, one cannot conclude that attitude did not have a sig-
nificant role in emotional responses. Since Figs 1 and 2 illustrate the emotional changes in
groups as the noise levels increased, it is reasonable to conclude that noise sensitivity was a
grouping factor that reveals clear differences between the groups. Contrary to expectations, the
attitude towards noise did not have a significant impact on emotions and noise annoyance.
However, this could be further investigated by using more appropriate questions covering all
different attitudes. The present study found that the participants with positive attitudes to-
wards their upstairs neighbours provided lower negative emotion ratings (E1–E3), lower
annoyance ratings, and higher empathy (E4). This result is consistent with the findings of
Pedersen and Persson Waye [55], who revealed that the annoyance induced by wind turbine
noise was affected by negative attitudes towards wind turbines.
Annoyance and emotions
Several studies have conducted questionnaire surveys and laboratory experiments to evaluate
noise annoyance because it has been a most popular measure of the adverse effect of noise on
individuals and on the community [21, 49, 54]. However, for neighbour noise, which fre-
quently causes neighbour disputes including violence [30–32], it is appropriate to measure
emotions evoked by neighbour noise because annoyance cannot adequately explain or predict
potential disputes or relational problems between neighbours. Therefore, the measurement of
emotions using lexicons targeting the noise source (i.e. E1) or the situation of noise exposure
itself (i.e. E2) would be useful to determine the perceptual dimension of the respondents and
to predict their future coping strategies. In practice, some of the clusters can be selected for the
prompt measurement of emotional responses to noise. In particular, it would be quite useful
to measure emotions using the E1 (‘ANGER’) and E4 (‘EMPATHY’) clusters rather than the
E2 (‘DISLIKE’) and E3 (‘PAIN’) clusters, for the following reasons. First, given that emotion
measurements aim to predict respondents’ internal perceptions and future coping strategies,
anger, an emotion which may develop into violent behaviours [42], needs to be measured, par-
ticularly in the case of noise issues between neighbours. Second, empathy needs to be assessed
to predict future coping strategies. Empathy leads individuals to build or maintain positive
relationships with others [53]. In particular, the present study found that empathy had the
weakest correlation with annoyance. Since the measurement of annoyance cannot predict
empathy, it needs to be assessed to yield extended insight into respondents’ perception and to
predict their future coping strategies. Third, E2 (‘DISLIKE’) can be excluded because it is
strongly correlated with annoyance and because most of the lexicons in E2 were similar to
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annoyance [49]. Fourth, the lexicons in E3 (‘PAIN’) described pain, but as discussed earlier,
some of them referred to health complaints [25, 32] and they may actually contain or be con-
nected to some other emotions (e.g. anger and fear). Finally, correlations between E1, E2, and
E3 and annoyance were consistently high (Table 8). However, Fisher’s r to z transformation
revealed that all the correlation coefficients were not statistically different [56]. This indicates
the three emotion clusters ultimately measured the same construct (i.e. negative emotion),
implying that the three clusters are interchangeable or that one cluster can cover most of what
the other clusters would measure [57].
General discussion
Previously Namba et al. [18] used lexicons in an experiment to measure the impressions of
sound stimuli. In particular, they collected a pool of Japanese adjectives from a preliminary
experiment, but details about the experimental procedure (e.g. level of the stimuli) and main
findings (e.g. the number of adjectives) were not explained. In contrast, the present study was
designed carefully to collect appropriate lexicons. In this study, the lexicons were collected
from two sources: (1) interview transcripts and (2) posts in online communities. The interview
transcripts were chosen as a source because the interviews were conducted using grounded
theory [32]. Based on the grounded theory methodology, the interviews were conducted until
the researcher was confident that no more new findings could be obtained, so that theoretical
saturation was attained [58]. Therefore, it was assumed that the interview transcripts included
all the possible aspects of footstep noise and residents’ reaction to the noise. The present study
used a number of online posts from 18 online communities as another source of lexicons.
From a number of online posts, only lexicons expressing emotions evoked by footstep noise
were filtered and collected. Therefore, it can be said that the collected lexicons represent the
narratives of residents adequately, particularly regarding footstep noise.
During the two online surveys, the respondents were asked to listen carefully to the noises
via headphones. It was not possible to control the quality of sound reproduction, noise level,
and background noise level. In particular, most headphones are limited to reproducing low-
frequencies below 50 Hz. Thus, these practical constraints might have influenced the partici-
pants’ responses and the selection of the lexicons. However, all participants had experienced
footstep noise from their upstairs neighbours. Therefore, they were expected to rate the lexi-
cons based on their previous experiences and their experiences with hearing the noises via
headphones. Nonetheless, the sound reproduction system (loudspeaker and subwoofer) used
in the laboratory experiment is considered to be more useful to evoke people’s emotions
related to footstep noise, including low-frequency components. Therefore, in the future, a
small-scale study could be conducted to validate the selection of lexicons in the laboratory.
Based on the present findings, the following recommendations for future research are made.
First, it would be useful to examine the emotions evoked by different types of noises. For instance,
neighbour noise comprises several other noise sources. Emotions evoked by other types of floor
impact noise (e.g. chair/furniture scraping) or airborne noises (e.g. voice/conversations of neigh-
bours) can also be examined to identify any influences of different noise sources. It can also be
assumed that different floor materials, shoe types, and body sizes would induce different footstep
noises [59]; thus, different footstep noise stimuli may also evoke different emotional responses as
well. Moreover, the concept of total annoyance can be utilised in future neighbour noise studies.
It is known that the annoyance response to a single noise source and the total annoyance evoked
by combined noises differ [60, 61]. Similarly, it is expected that the annoyance and emotional
responses evoked by a general term of floor impact noise or neighbour noise would be different
from those evoked by different single sources (e.g. footsteps, dropping of items). For example, it
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can be assumed that a general floor impact noise (i.e. combined) would elicit higher anger and
annoyance than exposure to footstep noise alone. Second, there are several emotion lexicons in
different languages and they contain different nuances of emotions. Moreover, cultural differ-
ences in emotion will yield further insights [62, 63]. Given that neighbour noise is not a problem
in Korea alone, emotion research using lexicons in different languages and cultures would yield
further insight into emotional responses to this type of noise. Third, different attempts could be
made to evoke emotions. Participants are highly likely to become passive observers if they receive
one-way, simplified, and well-controlled stimuli [64], as human emotions naturally occur in
interaction with others and external events [65]. As this study presented stimuli and did not ask
participants to engage or interact with anything, the participants might have responded to the
questionnaire as passive observers. Thus, it is difficult to define to which extent emotions resulted
from stimuli, and this study may have missed some important emotional processing factors [64].
Further consideration of methods for evoking emotional responses to neighbour’s noise in a
more engaging and ecological way could be examined in the future [66]. Fourth, different meth-
ods could be used to measure emotions. Emotion lexicons are linguistic expressions, so there is a
possibility that they could be either understated or overstated by the respondents. Moreover,
emotion lexicons may not fully reflect the perceivers’ true emotional status, especially if they are
not aware of their real inward feelings. Thus, a questionnaire survey can be provided along with
measurements of physiological responses because brain and bodily functions are strongly syn-
chronised by emotion-evoking stimuli [64]. In addition, assessments in performance settings
may be of use to understand the subjective states of participants affected by noise through pre/
post-test assessments. Questionnaire scales have been commonly used to assess subjective res-
ponses, but this type of scale primarily measures conscious feeling states, which only represent a
partial expression of some underlying emotional process [67]. One important advantage of a per-
formance setting is that demanding tasks elicit various stress responses, such as anxiety and
worry, which facilitates an examination of subjective states [67]. Therefore, future research could
be carried out in performance settings and could assess subjective states before and after eliciting
emotional experiences through noise.
Conclusion
In the present study, lexicons expressing emotions induced by neighbours’ footstep noise were col-
lected and emotional responses were assessed in a large sample of participants hearing noises.
Throughout the study, noise stimuli were used to simulate neighbours’ footstep noise particularly
that made by a child and an adult. First, a total of 120 Korean lexicons were chosen from interview
transcripts and online community posts. The number of lexicons was reduced to 60 through an
online survey. Participants in the first survey were residents of multi-family housing buildings
(n = 133) and they were asked to choose appropriate lexicons expressing their emotions while lis-
tening to the noises. Subsequently, another online survey was conducted with 89 residents, who
rated the appropriateness of each lexicon while hearing the noises. Based on their responses, the
lexicons were classified into four clusters. Negative emotions related to anger, dislike, and pain
were grouped in three different clusters (E1–E3), while lexicons expressing empathy were grouped
in E4. In the laboratory experiment, twenty lexicons were presented to the participants (n = 41),
and they were asked to rate each lexicon based on their feelings during noise exposure. Noise sti-
muli were presented at noise levels between 30 and 60 dBA (LAFmax), in 5 dB intervals. It was
found that the emotion and noise annoyance were significantly affected by noise levels, indicating
that greater noise levels led to greater negative emotions and annoyance ratings. Because exposure
to noise causes negative reactions such as annoyance, the three clusters representing negative emo-
tions were strongly correlated with noise annoyance. The emotion cluster expressing ‘DISLIKE’
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(E2) showed the strongest correlation with noise annoyance, whereas that expressing ‘EMPATHY’
(E4) showed the weakest correlation with noise annoyance. This study also tested whether noise
sensitivity and attitudes were moderators influencing emotional responses and annoyance ratings.
Both noise sensitivity and attitudes were found to significantly affect emotional responses. In par-
ticular, it was revealed that there were clear gaps between the low and high noise-sensitivity groups’
level of emotions and annoyance. Overall, the present findings suggest that lower noise level, lower
noise sensitivity, and more positive attitudes towards neighbours would evoke less negative emo-
tions and annoyance when neighbours’ footstep noises are heard. This study provides evidence
that can be used in dealing with neighbour disputes and in preventing such problems in advance.
Noise levels can be reduced by helping residents become aware of which activities make loud noises
(e.g. children’s jumping and running [68]) and when people tend to perceive these noise events as
louder. For instance, people tend to complain more about noise exposure at night or early in the
morning when ambient noise levels are relatively low [32]. The findings of this study could also be
used by the management office, mediation services, and local authorities. Once they address the
dispute, the residents’ emotions evoked by floor impact noise could be assessed with noise sensitiv-
ity and attitude measurements with respect to the noise source. They can then interpret the severity
of the negative perception and could estimate noise exposure levels based on the relationship
between the noise level and emotions. An understanding of the emotional status of residents and
its relation to noise levels could be useful for solving disputes between neighbours.
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Abstract 
This study aimed to investigate whether different acoustic and non-acoustic factors have effects 
on the subjective responses to floor impact noise made by upstairs neighbours in multi-story 
residential buildings. An on-site evaluation was conducted in four different apartment 
complexes with 100 residents from each site (N = 400). All the buildings had a box-frame-type 
structure with reinforced concrete slab floors with different thicknesses; two sites used 150 mm 
slabs, another used 180 mm, and the last used 210 mm slabs. The participants responded to a 
questionnaire which measured annoyance, anger, and empathy as their subjective responses to 
floor impact noise. The questionnaire also asked about socio-demographic, personal, and 
situational variables. Outdoor noise measurements were carried out for 24 hours on the top of 
the buildings at each site in order to assess any masking effect of ambient noise on the 
subjective responses to the indoor noise. Results showed that the subjective responses were 
significantly affected by noise sensitivity and house ownership. Those who had higher noise 
sensitivity or those who were house owners reported higher annoyance and anger towards floor 
impact noise. Outdoor noise did not have any masking effect on the responses but those who 
lived in higher ambient noise levels reported higher annoyance and anger to the indoor noise. 
The subjective responses were not solely understood by slab thickness; however, slab thickness 
contributed to predicting the subjective responses with other variables. These findings imply 
that it is limited to fully explain the subjective responses to floor impact noise without other 
acoustic and non-acoustic factors such as noise sensitivity. 
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1 Introduction 
Residents in multi-story residential buildings are easily exposed to floor impact noise 
coming from upstairs. In particular, floor impact noise has been suggested as the most annoying 
noise source in this type of housing in South Korea [1-3]. Statistics Korea [4] reported that 
such type of housing accounted for over 60.1% of the whole housing units available in 2016. 
It means that there is a large segment of the population in South Korea who are likely to be 
exposed to floor impact noise. The proportion of multi-story residential buildings has been 
growing all over the world [5, 6]. According to the recent report of the Floor Noise 
Management Centre in Korea, there were 123,969 complaints about both structure-borne and 
air-borne noise from neighbours since 2012 [7]. In addition, 82.6% of the complaints were due 
to floor impact noise, which includes 70.9% of footstep noise [7]. This report supports the 
previous findings that footstep noise such as walking, running, and jumping evoked the most 
annoyance to the residents [1, 3]. The report also stated that the majority of noise complainants 
resulted in disputes and conflicts with their neighbours [7]. Furthermore, four murder cases 
between neighbours were recorded in 2013 which were retaliatory crimes caused by an 
emotional reaction to noise issues [8].  
A number of studies have attempted to investigate the subjective responses to floor impact 
noise in laboratory settings. They have found that higher A-weighted maximum sound pressure 
levels (LAmax) led to greater self-reported annoyance responses [9, 10]. Lee et al. [9] examined 
the subjective responses to noise stimuli induced by an impact ball and found that sound quality 
ratings (e.g. Zwicker’s Loudness Level, LLZ) and instrumental metrics (e.g. LAmax) had 
significant correlations with self-reported annoyance ratings. In particular, LAmax was suggested 
as a practical descriptor of the auditory sensation of the impact ball noise [9]. Recent studies 
also supported the strong relationship between the LAmax of impact sounds and self-reported 
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annoyance [11, 12]. In addition, exposure to floor impact noise has been found to influence 
physiological changes such as heart rate and respiration rate [13, 14]. 
Accordingly, there have been a lot of attempts to reduce floor impact noise levels by 
developing acoustic materials and floor structures. For instance, floating floors have been 
widely used to decrease structure-borne and air-borne sound transmission by isolating the 
upper parts of the floors from the structure [15]. Although floating floors were effective at 
reducing lightweight impact noise, little change was found in relation to heavyweight impact 
noise levels [16]. Another way to reduce both heavyweight and lightweight noise levels is to 
increase slab thickness. There are previous studies which have reported the notable relationship 
between slab thickness and floor impact noise levels [17-19]. More precisely, heavyweight 
impact sound pressure levels decreased by 2 dB when the slab thickness increased by 30 mm 
[19]. A more recent study found that 20 mm increments in concrete slab thickness led to a 
decrease in impact sound pressure levels between 3 and 7 dB [17]. Yeon et al. [20] measured 
sound pressure levels of standard and real impact sounds in 30 apartments with different slab 
thicknesses (i.e. 135, 150, 180, and 210 mm). They confirmed the previous suggestions by 
providing significant negative correlations between slab thickness and sound pressure levels 
[20]. In particular, slab thickness had the biggest negative correlation with impact noise levels 
of a tapping machine while it showed the smallest correlation with noise levels of real impact 
sources such as an adult’s walking [20]. Based on such research findings, the Korean 
Government has strengthened domestic regulations since 2005 by increasing the concrete slab 
thicknesses to 210 mm [21, 22]. Therefore, it was expected that the increase in slab thickness 
would resolve the noise complaints due to floor impact noise in recently built apartments.  
On the other hand, data from a recent field measurement are rather controversial because 
it showed there was no general relationship between slab thickness and floor impact noise 
Accepted manuscript 
5 
 
levels [23]. Park et al. [23] conducted noise measurements for 24 hours in 26 residential 
buildings while the occupants vacated their houses. The sites were classified into two groups 
based on the slab thickness: the first group were those with slab thicknesses of 135 and 150 
mm and the second group were those with slab thicknesses of 180 and 210 mm. It was found 
that the LAmax of the first group was slightly higher than that of the second group, but the 
difference was not statistically significant. However, Park et al. [23] did not assess the 
subjective responses to floor impact noise; therefore, it is necessary to investigate the 
relationship between slab thickness and the subjective responses to the noise. Emotional 
responses (e.g. anger) to the noise would be worth being assessed because annoyance cannot 
be fully predicted by noise level itself [24] and in order to test a previous suggestion of the 
correlations between annoyance and different emotions [25].  
This study, therefore, sets out to assess the effect of slab thickness on the subjective 
responses to floor impact noise by conducting questionnaire surveys. It was hypothesised that 
thicker slabs would lead to less negative reactions to floor impact noise. It was also 
hypothesised that there would be acoustic and non-acoustic factors affecting the perception of 
floor impact noise. In order to validate this hypothesis, several non-acoustic factors were 
introduced such as noise sensitivity and house ownership. Field surveys were performed in four 
apartment complexes which used different slab thicknesses. Participants were asked to rate 
their annoyance, anger, and empathy as to the floor impact noise heard in their homes. In 
addition, it was assessed if the subjective responses were affected by socio-demographic, 
personal, and situational variables. During the surveys, outdoor noise levels were measured to 
test if ambient noise masks the subjective responses to floor impact noise [26]. 
  
Accepted manuscript 
6 
 
2 Methods 
 Sites 
As listed in Table 1, four apartment complexes in the Gyeonggi province of South Korea 
took part in the study. The oldest one was built in 1994 (Site A) and the newest site was built 
in 2014 (Site D). The biggest site had 1,827 houses (Site A), whereas the smallest one had 262 
houses (Site C). Slab thickness of the apartments varied from 150 to 210 mm: 150 mm slabs 
were used in Sites A and B, 180 mm in Site D, and 210 mm in Site C. Floor area also varied 
from 52 (in Site D) to 157 m2 (in Site C). The average price per square metre of residences in 
Site A was the highest but the properties at Site C were the most expensive due to the bigger 
floor area. Site D was a type of public rental housing which is owned by the government and 
offered with a long-term rent plan. Thus, there was no information about the average price per 
square metre for Site D. The present study aimed to minimise the variations of factors affecting 
floor impact noise levels. First, all the buildings had the same structure which is a box-frame-
type reinforced concrete construction. Secondly, the buildings with similar floor structures 
were chosen. As shown in Figure 1, the floors consisted of the reinforced concrete slab, resilient 
material, lightweight concrete, and finishing mortar. All the resilient materials were Expanded 
Polystyrene (EPS) and thicknesses of the materials varied from 20 to 30 mm. 
Table 1 
Figure 1 
As shown in Figure 2, there were traffic roads near all of the sites. Sites A and B were 
nearby roads with three or more lanes, while Sites C and D were close to roads with a smaller 
number of (e.g. one or two) lanes. In addition, Sites A, B, and C were located in the vicinity of 
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railways so they were exposed to additional railway noise. Outdoor noise levels were measured 
for 24 hours using sound level metres (SVAN 943, Svantek) positioned 1.2 m above the ground 
mounted on tripods. All sound level metres were placed on top of the buildings which are 
marked in grey in Figure 2. Outdoor noise levels of Site C could only be measured at three 
buildings due to the apartment complex’s regulations. At the other sites, outdoor noise levels 
were measured at five buildings each. From the 24-hour noise recordings, LDEN (Day-Evening-
Night noise levels) were calculated. A penalty of 5 dB was added from 19:00 to 22:00, and a 
penalty of 10 dB was added from 22:00 to 07:00 to derive LDEN. 
Figure 2 
 Questionnaire 
Participants were asked to complete the questionnaire during face-to-face interviews in 
separated rooms within the management office of each site. In the present study, the 
questionnaire was divided into three main sections. The first section dealt with the participants’ 
responses to floor impact noise in their homes. First, the level of annoyance caused by floor 
impact noise was assessed. Noise annoyance was rated using an 11-point scale (0 = ‘not at all’ 
and 10 = ‘extremely’) as recommended by the ICBEN team [27] and the ISO 15666 standard 
[28]. Participants were provided with the following instruction: “Thinking about the last 12 
months or so, when you are in your home, how much does floor impact noise annoy you?” 
Second, the emotional responses to floor impact noise, particularly anger and empathy, were 
assessed using 10 lexicons provided in the recent study [25]. The five lexicons used for anger 
were ‘unhappy’, ‘detestable’, ‘can’t understand’, ‘get enraged’, and ‘ridiculous’, while the five 
lexicons about empathy were ‘bearable’, ‘just being patient’, ‘tolerable’, ‘no reason for 
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discomfort’, and ‘think of it as usual’. The participants were asked to rate their emotions on a 
7-point scale (0 = ‘not at all’ and 6 = ‘extremely’) according to the following instruction: 
“Please rate the extent to which each lexicon is appropriate for expressing your emotions 
towards the floor impact noise you have heard for the last 12 months.” For those who had lived 
in their current houses for less than 12 months, they were asked to think about the period that 
they had lived in the current house. The second section of the questionnaire was to measure 
situational variables [29] in terms of the major noise source, time of the noise exposure, and 
any child(ren) upstairs; these were regarded as acoustic factors because they were the details 
of the floor impact noise which the participants had been mainly exposed to. The participants 
were asked to choose one of six noise sources; the six sources were adopted from the previous 
report on the most common noise sources in real apartment buildings [23]. They were two 
heavyweight impact noise sources (i.e. children’s footsteps and adults’ footsteps) and four 
lightweight impact noise sources (i.e. furniture scraping, items dropping, door banging, and 
plumbing system). Five options were given for the participants to choose the major time of the 
noise exposure: 06:00 ~ 09:00, 09:00 ~ 12:00, 12:00 ~ 18:00, 18:00 ~ 20:00, and 20:00 ~ 06:00. 
The questionnaire also asked whether there were any children living upstairs since the footstep 
noise of children has been known to be the dominant noise source in apartment buildings [15]. 
The third section of the questionnaire concerned non-acoustical factors affecting the subjective 
responses to noise. Non-acoustical factors were classified into personal and socio-demographic 
variables [29]. As a personal variable, noise sensitivity was measured using Weinstein’s 
scale [30]. 
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 Participants 
One hundred residents from each site took part in the study. Information about the 
participants is listed in Table 2. The age of the participants ranged from 20 to 60 years old and 
the mean age of the whole participants was 42.9 years old (std. deviation = 10.5). Male and 
female participants were recruited almost evenly from each site. More than half of the 
participants from Sites A and C reported that they did not live with a child. More than half of 
participants from Sites B and C reported that there were one or more children living upstairs. 
Most of the participants’ education levels were at university/college level. The majority of the 
participants were employed and most of them were employed full-time. Length of residency 
ranged from 2 months to 277 months (23 years and 1 month), partially correlating with the age 
of the building. Most of the participants from Sites A, B, and C reported that they owned their 
houses, whereas all of the participants from Site D rented their houses from the government. 
Table 2 
 Data analysis 
Statistical analyses were conducted using SPSS for Windows (version 22.0, SPSS Inc. 
Chicago, IL). Bivariate correlations were tested in order to examine correlations between the 
variables. The significance of differences between two correlation coefficients was tested using 
Fisher’s r-to-z transformation (an online computation available at 
http://vassarstats.net/index.html). In the case of two correlation coefficients obtained from the 
same sample which shared one variable in common, each correlation coefficient was converted 
into z-score using Fisher’s r-to-z transformation and the asymptotic covariance of the estimates 
was calculated by Steiger's equations [31]. Independent samples t-tests and one-way analyses 
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of variance (one-way ANOVA) were performed to compare the responses between groups. In 
addition, multiple linear regression analyses were conducted to investigate significant variables 
influencing the responses. In the present study, p values of less than 5% (p < 0.05) were 
considered as statistically significant. 
3 Results 
Figure 3 illustrates the subjective responses (i.e. annoyance, anger, and empathy) to floor 
impact noise across the four sites. The annoyance rating of Site A was the highest (mean = 4.5; 
std. deviation = 3.4), whereas Site D showed the lowest rating (mean = 3.4; std. deviation = 
2.6). Only the annoyance ratings between Sites A and D were significantly different (p < 0.05), 
indicating that the residents of Site A experienced a greater level of noise annoyance due to 
floor impact noise than those in Site D. Similarly, Site A and Site D showed the highest (mean 
= 2.6; std. deviation = 1.3) and lowest (mean = 1.7; std. deviation = 1.1) anger ratings 
respectively and they were significantly different (p < 0.01). Significant differences were also 
found between Sites A and B, as well as Sites C and D (p < 0.01 for both). In empathy ratings, 
the rating of Site B was the highest, followed by Sites D, A, and C. It was found that most of 
the empathy ratings were significantly different from one another (p < 0.01 for all). 
Figure 3 
 The effects of acoustic factors 
The annoyance, anger, and empathy ratings caused by floor impact noise across different 
slab thicknesses (i.e. 150, 180, and 210 mm) are plotted in Figure 4. Sites A and B used the 
same slab thickness (i.e. 150 mm) so the results of the two sites were merged together for this 
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comparison. The highest annoyance rating was observed from the 150 mm slabs (mean = 4.3; 
std. deviation = 3.0). However, contrary to expectations, the annoyance rating of the 180 mm 
slabs was lower than the 210 mm slabs. In addition, the annoyance ratings of different slab 
thicknesses were not statistically different. It was hypothesised that the residents living in 
buildings with thicker slabs would report lower anger and higher empathy than others with 
thinner slabs. However, the lowest anger (mean = 1.7; std. deviation = 1.1) and the highest 
empathy (mean = 3.6; std. deviation = 0.7) were found in the 180 mm slabs (i.e. Site D). The 
participants from the site with 210 mm slabs (i.e. Site C) even reported the highest anger (mean 
= 2.5; std. deviation = 1.2) and lowest empathy (mean = 2.9; std. deviation = 0.6). 
Figure 4 
As listed in Table 3(a), the most frequent noise source across the sites was children’s 
footstep noise, followed by adults’ footstep noise and items dropping. In particular, 53% of the 
participants from Site B reported children’s footstep noise as being the major noise source. In 
addition, it was found that heavyweight impact sources (children and adults’ footstep noises) 
were more dominant than lightweight impact sources. To examine the influence of dominant 
noise sources on the subjective responses, the two groups who reported the heavyweight and 
lightweight sources as the dominant noise source were compared. It was found that there was 
no significant difference between the groups. Table 3(b) also shows the times of the day when 
the floor impact noise was dominantly heard. It was found that night-time (between 20:00 and 
06:00) was the most dominant time for noise exposure, accounting for 54.8% across the sites. 
The subjective ratings were also compared between the three time periods of noise exposure 
(20:00 ~ 06:00, 06:00 ~ 09:00, and 09:00 ~ 20:00), but a significant difference was not found. 
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Table 3 
 The effects of non-acoustic factors 
In order to investigate the effect of noise sensitivity on the subjective responses, the 
participants were divided into two groups concerning their noise-sensitivity scores. The mean 
and median noise-sensitivity scores were 79.4 and 79.0 respectively. The median value was 
used as a cut-off point to classify the participants. The participants whose noise-sensitivity 
scores were <= 79 were grouped as the low noise-sensitivity group (N = 204) and those with 
noise-sensitivity scores above 79 were grouped as the high noise-sensitivity group (N = 196). 
The low noise-sensitivity group’s mean noise-sensitivity score was 68.7 (std. deviation = 7.3), 
while that of the high noise-sensitivity group was 90.6 (std. deviation = 7.7). The responses 
were significantly different between the noise-sensitivity groups across each of the sites (Figure 
5). These results indicate that the noise sensitive participants perceived greater annoyance and 
anger while expressing less empathy compared to those who were less sensitive to noise. The 
difference in annoyance ratings between the two groups was much greater than the differences 
in the anger and empathy ratings. However, the differences between the groups were 
statistically significant for all of the subjective responses.  
Figure 5 
House ownership is a long-term investment, so it is quite clear that investors are interested 
in maintaining and increasing the value of their investment [32]. The residents might have 
different attitudes to the noise sources and events affecting the value of the house. Thus, in the 
present study, it was hypothesised that house ownership might affect the subjective responses 
Accepted manuscript 
13 
 
to floor impact noise. In order to examine this assumption, the participants were classified into 
house owners (N = 271) and renters (N = 196). As presented in Figure 6, house owners showed 
greater annoyance and anger ratings than renters, whereas owners demonstrated lower empathy. 
The differences between house owners and renters were statistically significant across all of 
the subjective responses. These differences imply that owners perceive floor impact noise more 
negatively than renters. These also can be understood with respect to the socio-demographic 
characteristics because the owners were older, had higher income and education levels, and 
longer residency than renters. Moreover, all of the residents in Site D were classified as renters, 
so there could be other variables moderating this result. For example, length of residency. Site 
D was the newest site and thereby the mean length of residency was also the shortest among 
the four sites. 
Figure 6 
Furthermore, annoyance, anger, and empathy ratings were compared across the socio-
demographic variables (gender, age group, and child(ren) at home). Although females reported 
higher annoyance and anger ratings (4.1 and 2.3, respectively) than males (4.0 and 2.1, 
respectively), there was no significant difference between males and females for all of the 
subjective ratings. It was also found that the participants in their 20s and 60s showed significant 
differences in their annoyance and anger ratings. The mean annoyance and anger ratings for 
those in their 60s were 3.1 (std. deviation = 2.6) and 1.8 (std. deviation = 1.0), respectively, 
while those for the 20s group was 4.6 (std. deviation = 2.7) and 2.5 (std. deviation = 1.2), 
respectively. The mean empathy rating for the 60s was 3.6 (std. deviation = 0.7), which was 
significantly higher than that of the 50s (mean = 3.1; std. deviation = 0.8). Moreover, there was 
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no difference between the participants who had one or more children at home and those who 
did not have any children. Those who had children reported a slightly higher empathy (mean = 
3.4; std. deviation = 0.8) than those who did not (mean = 3.3; std. deviation = 0.8), but the 
difference was not significant. 
Table 4 shows the correlation coefficients between the subjective ratings and non-acoustic 
factors. Noise sensitivity had a strong correlation with the annoyance, anger, and empathy 
ratings for all sites; it was positively correlated with annoyance and anger while it had a 
negative correlation with empathy. Fisher’s r-to-z transformation [31] was used to test if the 
correlations between noise sensitivity and subjective ratings were significantly different. It was 
revealed that noise sensitivity had significantly stronger correlations with anger than annoyance, 
except in Site D. There was no significantly stronger coefficient between noise sensitivity and 
annoyance across the sites. However, the smallest correlation coefficients of noise sensitivity 
with anger and empathy were found in Site D (r = .82 and -.72, respectively) and they were 
found to be significantly different from the other coefficients at the other sites. 
Table 4 
 The effects of multiple factors  
A number of studies have established relationships between annoyance and exposure level 
of transportation noise [33, 34]. Several authors also extended the relationship by adding noise 
sensitivity and socio-demographic variables [24, 35, 36]. Similarly, simple regression models 
were developed to examine the influence of noise sensitivity and socio-demographic variables 
on the subjective ratings. However, contrary to environmental noise, it is not practical to 
measure or predict indoor noise level. Therefore, slab thickness was introduced as an 
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independent variable assuming that indoor noise level decreases as slab thickness increases. In 
addition to the slab thickness, tested variables were building age, the participants’ age, 
education level, occupation, income, length of residency, and floor area. All of the variables 
were translated into a 0 ~ 100 scale calculated based on the equation used in previous multiple 
regression analyses [37]. The multiple regression models are summarised in Table 5. There 
was no significant bivariate correlation between the slab thickness and annoyance, indicating 
that the slab thickness itself does not have a strong relationship with annoyance. On the other 
hand, the slab thickness had a small but significant regression coefficient in the multiple 
regression model of annoyance with other independent variables. Specifically, the regression 
model included slab thickness, building age, and noise sensitivity as the independent variables 
for predicting annoyance. Give that the standardised regression coefficients of noise sensitivity 
(β = .84) were considerably greater than the others’ (βs = .10 and .22 for slab thickness and 
building age, respectively), it could be assumed that noise sensitivity played the more 
significant role than others in the prediction of annoyance.  
Table 5 
4 Discussion 
 Slab thickness 
This study did not conduct indoor noise measurements because it was not feasible to ask 
all 400 participants to vacate their houses for the measurements or to place sound level metres 
in 400 houses. Instead, this study focused on slab thickness, which has been found to be 
associated with sound insulation performance [17-19]. We examined whether slab thickness 
affected the subjective responses to floor impact noise. It was revealed that there was not a 
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strong trend between different slab thicknesses and the subjective ratings. The sites with the 
thinnest slabs (i.e. 150 mm) showed the highest annoyance rating, followed by those of 210 
and 180 mm, respectively. In addition, the residents who lived in buildings with 210 mm slabs 
expressed the highest anger, while the empathy rating of the residents from the site with 180 
mm slabs was greater than those with 150 mm slabs. These findings are not consistent with the 
previous suggestions made in laboratory studies, in that a thicker slab thickness leads to lower 
noise levels [18, 19], and that the lower the noise levels result in lower annoyance ratings [13, 
14]. Instead, this study yielded further evidence supporting the findings of the prior field 
research [20, 23]. As reported earlier [23], an increase in slab thickness cannot guarantee better 
acoustic comfort with lower noise levels or fewer noise events in real life since the occurrence 
of neighbouring noise including floor impact noise is mainly affected by the neighbour’s 
behaviours and activities. Yeon et al. [20] also reported that slab thickness had a minimal 
correlation with noise levels from a real impact source. Moreover, the results from the multiple 
linear regression analyses (Table 5) confirmed that the subjective responses to floor impact 
noise can be explained not just by the acoustic factors such as sound insulation performance 
from the slab thickness, but also by different non-acoustic factors [38]. Furthermore, impact 
sound insulation performance is affected by various factors such as dynamic properties of 
resilient isolator and floor areas. In the present study, the resilient isolators of the Sites C and 
D had much lower dynamic stiffness compared to those of the Sites A and B which were built 
before the introduction of domestic guideline of sound insulation performance. In addition, 
previous studies (e.g. Lee [39]) reported that the heavyweight impact sound insulation 
performances varied across floor areas for apartments with same floor structure and resilient 
material. Therefore, some particular features of each site and those of residents need to be 
compared to one another in order to seek out any potential factors affecting the subjective 
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ratings. Moreover, experimental and numerical approaches [e.g., 40] could be used to predict 
the heavyweight impact sound insulation performances and to examine the links between 
objective characteristics and subjective responses. 
 Outdoor noise levels 
Residents are exposed to outdoor transportation noise (e.g. road traffic noise) as well as 
indoor building noise (e.g. floor impact noise) in their homes. Contrary to floor impact noise, 
road traffic noise is stationary and heard continuously; thus, it could be regarded as ambient 
noise. Previously, Jeon et al. [41] demonstrated that the annoyance ratings of non-stationary 
noise in combination with road traffic noise were related to different noise levels. Based on 
this finding, this study hypothesised that the perception of floor impact noise might be affected 
by outdoor noise levels because of the masking effects [26]. Questionnaire responses from 18 
buildings where outdoor noise levels were measured (N = 244) were used in order to examine 
the influence of ambient noise levels on the perception of floor impact noise. Firstly, it was 
found that the relationship between outdoor noise level (LDEN) and the subjective responses to 
floor impact noise was not statistically significant. This indicates that the perception of indoor 
noise is independent of the ambient noise level. Secondly, the outdoor noise levels were 
categorised into three groups: 1) < 50 dB, 2) 50 ~ 60 dB, and 3) > 60 dB. It was expected that 
loud ambient noise might reduce the annoyance and anger ratings of floor impact noise by 
masking intermittent and impulsive noise. However, as shown in Figure 7, the residents who 
were exposed to outdoor noise levels above 60 dB expressed the highest annoyance and anger 
ratings with the lowest empathy rating. The annoyance and anger ratings from the buildings 
with the loudest ambient noise (> 60 dB) were significantly greater than other groups (p < 0.01 
for both). These results might be because the residents who live in buildings with higher 
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ambient noise levels (> 60 dB) might perceive the noise more negatively than others, and be 
more sensitive to noise. The mean noise-sensitivity score of this group (> 60 dB) was 81.8, 
which was much greater than the other groups. Therefore, additional attention would be 
required to design the floor structure of buildings located in noisy areas. However, in the 
present study, the measured outdoor noise levels of each building were used rather than the 
noise levels of each unit. Future research could predict the noise levels of each unit or story 
using a computer simulation to further test the masking impact of outdoor noise on the 
perceptions of indoor noise. 
Figure 7 
 Financial investment 
One of the unexpected findings in this study was that the participants from Site C, which 
used the thickest slabs (i.e. 210 mm), reported higher negative responses (annoyance and anger) 
compared to those from Sites B and D with thinner slabs (150 and 180 mm, respectively). This 
result implies that other socio-demographic variables might have affected the subjective 
responses. It has been known that house owners are concerned about local noise and expect 
future improvement more than renters. This is mainly because house owners financially invest 
more into the property than renters [42]. In this study, most of the participants from Sites A, B, 
and C were house owners, whereas all of the participants from Site D were renters. As has 
already been shown in Figure 6, house owners reported significantly higher annoyance and 
anger than renters. Given that most of the renters in this study were from one site (Site D), there 
is still a remaining question whether the renters in this study could actually be representative. 
Thus, further investigation is needed into this factor by recruiting the samples with wider ranges 
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of factors. In addition, the floor area was the biggest in Site C so the residents in Sites C must 
have a greater financial investment than those in the other sites. Therefore, residents who paid 
more for the properties expect better acoustic comfort, more concern, and were more annoyed 
by noise in their dwellings [36, 43]. Since this study did not ask the participants how much 
money they invested into their properties (e.g. house price and mortgage), future research could 
examine the impacts of the financial investment on the subjective responses. Given that this 
study found that noise sensitivity had significant impacts on the responses, future research 
could also assess how financial investment associates with noise sensitivity. 
 Empathy 
Similar to the previous studies [1-3], children’s footstep noise was the dominant noise 
source in the present study. Those who have children are more likely to be empathetic to 
children’s noise from upstairs [38]. Thus, it was assumed that those who were living with 
children would report lower annoyance and anger ratings due to empathy toward their 
neighbours. Confirming the study’s hypothesis, the highest empathy ratings were found at Sites 
B and D, where the number of participants who lived with one or more children was the highest. 
This result suggests that living with one or more children might lead to greater empathy. This 
finding is also in agreement with what the previous qualitative study reported; residents who 
had children expressed more empathy than those who had no children, and consequently, 
people with empathy tended to make fewer noise complaints [38]. Assuming a lack of empathy 
may contribute to higher annoyance and anger, the participants were divided into a low 
empathy group (N = 203) and high empathy group (N = 197). The groups were divided using 
the median value of the empathy rating (3.33) as a cut-off point. Figure 8 compares the 
annoyance and anger ratings between the low and high empathy groups. It was found that the 
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high empathy group reported significantly lower annoyance and anger ratings than the low 
empathy group. It indicates that having empathy towards upstairs neighbours would decrease 
one’s negative perception (e.g. annoyance and anger) regarding neighbour noise. As discussed 
in the former section, the experience of living with children may help one to be understanding 
and empathetic towards neighbours particularly those with children. 
Figure 8 
 General discussion 
As plotted in Figure 3, Site D with slab thickness of 180 mm showed the lower annoyance 
and anger rating than other sites with thicker or thinner slab thicknesses. This result can be 
explained by considering other factors. First, Site D was most recently built among the sites so 
it is arguable that new buildings of Site D might have influenced the decrease of the annoyance 
and anger ratings. Table 5 also showed that the standardised regression coefficients of the 
building age on the annoyance and anger the ratings were positive (βs = .22 and .45, 
respectively), indicating that older buildings led to greater annoyance and anger ratings. Second, 
all the residents at Site D were renters, whereas other sites had a mixture of owners and renters. 
Significant differences in subjective responses were found between house owners and renters 
(Figure 6); thus, it could be argued that renters may perceive less annoyance or anger against 
floor impact noise than owners. However, as discussed previously, there are still challenges 
that need further investigations to validate the relationship between house ownership and 
subjective responses. Third, Site D was the only site without railway noise nearby and it had 
the lowest outdoor noise level. The result showed that those who were exposed to the higher 
outdoor noise levels (> 60 dB) had higher mean noise-sensitivity score than the other groups. 
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Given that noise sensitivity had the strongest impacts on the prediction of all the subjective 
responses in the multiple regression models, the lowest annoyance and anger ratings of Site D 
could be explained by using the shortest building age, house ownership as being renters, low 
outdoor noise level, and low noise sensitivity. 
As shown in Figure 5, noise sensitivity clearly affected the subjective ratings. This finding 
is in line with previous studies which have found there to be a significant influence from noise 
sensitivity on annoyance and emotional ratings [25, 44, 45]. This study also revealed that 
residents who were from buildings with higher outdoor noise levels reported higher noise 
sensitivity as well as more of a negative response to floor impact noise. In addition to noise 
sensitivity, one’s attitude towards one’s neighbours has been suggested to be another variable 
affecting the subjective responses to floor impact noise because upstairs neighbours are the 
main source of the noise [38]. However, it has been discussed that the questionnaire assessing 
the attitude toward the upstairs neighbours needs to be further developed and improved in order 
to adequately examine its impact on the subjective responses [25, 44]. This study makes the 
suggestion that the questionnaire can include items about social cohesion or a sense of 
community. Existing instruments used to measure the sense of community [46, 47] would 
provide a further understanding of how the attitudinal factors perceived in relation to one’s 
neighbours need to be measured. 
Previous field studies on indoor noise mainly focused on sound insulation performance 
[11, 12, 17, 20, 48]; thus, they either did not concern real noise sources [11, 12] or did not 
evaluate the subjective responses to the noise [17, 20, 48]. Ljunggren and his colleagues 
measured the sound insulation performances of floors using standard sources (e.g. tapping 
machine and impact ball) in different types of buildings [11, 12]. They also collected the 
occupants’ subjective responses to the noise but did not measure real noise sources such as 
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human footsteps coming from upstairs. On the other hand, the present study paid attention to 
the residents’ subjective response to real indoor noises. Moreover, this study mainly focused 
on the slab thickness in order to test previous findings [17-19, 48]. This study has revealed that 
increased slab thickness cannot guarantee better acoustic comfort because all of the residents 
are exposed to different levels of noise due to their upstairs neighbours’ different activities and 
behaviours [23]. Future research may consider different characteristics of the noise source (e.g. 
upstairs neighbours and their activities) and different characteristics of the house and 
construction (e.g. floor area and resilient materials) when it comes to the examination of floor 
impact noise levels. 
5 Conclusions 
The present study aimed to fulfil an existing need, as there was a lack of field research on 
subjective responses to floor impact noise (e.g. footstep noise induced by upstairs neighbours). 
A questionnaire was designed to evaluate the residents’ subjective responses to the noise and 
other factors which were assumed to influence the responses. First, self-rated annoyance and 
two emotional responses (anger and empathy) caused by floor impact noise were assessed. 
Second, variables on situational (major noise source), personal (noise sensitivity), and socio-
demographic (income and length of residency) characteristics were measured. Four sites with 
different slab thicknesses were recruited for the on-site evaluations. One hundred residents 
from each site took part in the study, so a total of 400 responses were collected and analysed. 
Along with the questionnaire, outdoor noise levels were measured at each site in order to 
investigate the effect of ambient noise levels on the subjective responses to the indoor noise. 
From the results, the implication was made that the increase in slab thickness was not enough 
to resolve the negative responses or conflicts between neighbours regarding floor impact noise. 
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However, as observed in the multiple regressions analysis, it is still necessary to consider slab 
thickness as one of several factors for predicting how residents respond to indoor noise. Given 
that sound insulation performance is affected by several factors (e.g., dynamic property of 
resilient isolator and floor area), the study suggested further research on various acoustic 
features of residences in order to understand occupants’ responses to indoor noise. Noise 
sensitivity significantly associated with all of the subjective responses, indicating that noise-
sensitive residents reported greater annoyance and anger ratings. The house owners reported 
higher annoyance and anger; however, this finding should be validated with more samples of 
the renters by focusing on the effects of residents’ financial investment on subjective responses. 
It was also found that residents living in buildings with higher outdoor noise levels reported 
higher noise sensitivity, annoyance, and anger. This implies that those who were exposed to 
higher ambient noise levels tended to have higher noise sensitivity, which consequently led 
them to perceive higher annoyance and anger towards the indoor noise. Since the study used 
the outdoor noise measurements collected from the top of some buildings, there is a need for 
additional investigation to predict the noise levels of each unit to test the masking effect of 
outdoor noise more in-depth. 
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Figure 1. Floor structure of each site. The floors of all sites contained reinforced concrete 
slab, resilient isolator, lightweight concrete, and cement mortar with different 
thicknesses and they were finished by wooden floorings. 
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Lightweight concrete 50 mm
Resilient isolator 20 mm
Reinforced concrete slab 150 mm
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Reinforced concrete slab 210 mm
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Wooden flooring
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Cement mortar 40 mm
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Reinforced concrete slab 180 mm
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Accepted manuscript 
25 
 
 
Figure 2. Site plans of four apartment complexes. Grey boxes indicate the buildings where 
the outdoor noise levels were measured. 
 
 
 
 
Figure 3. Mean annoyance, anger, and empathy ratings across Sites A, B, C, and D with 
error bars indicating standard errors (* p < 0.05, ** p < 0.01). 
 
 
 
 
Figure 4. Mean annoyance, anger, and empathy ratings across different slab thicknesses 
(150, 180, and 210 mm) with error bars indicating standard errors (* p < 0.05, ** p 
< 0.01). 
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Figure 5. Mean annoyance, anger, and empathy ratings across the low and high noise-
sensitivity groups (* p < 0.05, ** p < 0.01). Grey and white bars represent the 
responses of the whole sites (N = 400) and each site (n = 100), respectively. 
 
 
 
 
Figure 6. Mean annoyance, anger, and empathy ratings across the house owners and renters 
with error bars indicating standard errors (* p < 0.05, ** p < 0.01). 
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Figure 7. Mean annoyance, anger, and empathy ratings across the outdoor noise levels (LDEN) 
with error bars indicating standard errors (* p < 0.05, ** p < 0.01). 
 
 
 
 
Figure 8. Mean annoyance and anger ratings across the low and high empathy groups with 
error bars indicating standard errors (* p < 0.05, ** p < 0.01). 
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Table 1. Information about the selected sites. 
Site No. A B C D 
Construction year 1994 2002 2009 2014 
Number of buildings 21 7 7 8 
Number of residences 1,827 583 262 522 
Number of floors 25 23 15 18 
Slab thickness [mm] 150 150 210 180 
Floor area [m2] 58 ~ 85 84 107 ~ 157 52 ~ 60 
Outdoor noise level: LDEN [dBA] 49.8 ~ 61.7 58.9 ~ 66.1 56.6 ~ 68.8 44.3 ~ 54.5 
Average price per square metrea £2,533 £2,127 £2,047 · 
a converted South Korean Won (₩) to British Pound (£) with an exchange rate of 1 GBP = 
1,500 KRW 
 
  
Accepted manuscript 
29 
 
Table 2. Information about the participants from each site. 
   Site No. 
  Whole A B C D 
Age [years] Mean 42.9 44.3 41.6 42.5 43.4 
 Std. Deviation 10.5 9.6 11.2 10.5 10.6 
Gender [N] Male 192 45 46 56 47 
 Female 208 55 54 44 53 
Child(ren) at home [N] Yes 177 30 58 39 50 
 No 223 70 42 61 50 
Child(ren) upstairs [N] Yes 218 50 61 59 48 
 No 114 35 24 27 28 
 Don't know 68 15 15 14 24 
Education [N] Middle school or lower 0 0 0 0 0 
 High school 73 17 22 13 21 
 University/College 293 80 65 74 74 
 Postgraduate 34 3 13 13 5 
Occupation [N] Full-time employed 206 64 54 45 43 
 Part-time employed 58 14 10 21 13 
 Self-employed 28 5 5 11 7 
 Student 35 6 16 9 4 
 Homemaker 69 11 15 11 32 
 Unemployed 3 0 0 3 0 
 Other 1 0 0 0 1 
Incomea [N] under £13,327 3 1 0 2 0 
£13,327 ~ £19,993 38 10 1 16 11 
£19,993 ~ £26,660 66 20 3 26 17 
£26,660 ~ £33,327 111 35 7 33 36 
£33,327 ~ £39,993 104 24 35 18 27 
more than £39,993 78 10 54 5 9 
Length of  
residency [months] 
Mean 85.4 141.1 107.6 59.2 33.7 
Std. Deviation 62.8 78.3 42.5 29.0 9.4 
House ownership Yes (owner) 271 90 94 87 0 
 No (renter) 129 10 6 13 100 
Noise-sensitivity score Mean 79.4 78.7 79.6 79.3 80.3 
 Std. Deviation 13.3 11.7 11.0 15.6 14.6 
Noise-sensitivity group [N] Low 204 57 54 46 47 
 High 196 43 46 54 53 
a converted South Korean Won (₩) to British Pound (£) with an exchange rate of 1 GBP = 1,500 
KRW 
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Table 3. Frequency percentages of major noise source and time of noise exposure. 
(a) Major noise source 
   Site No. 
  Whole A B C D 
Heavyweight Child 38.5 32.0 53.0 37.0 32.0 Adult 25.0 26.0 18.0 26.0 30.0 
Lightweight 
Furniture 12.3 10.0 15.0 12.0 12.0 
Items 12.5 15.0 10.0 11.0 14.0 
Door 6.3 15.0 0.0 6.0 4.0 
Plumbing 5.5 2.0 4.0 8.0 8.0 
 Total 100.0 100.0 100.0 100.0 100.0 
 
(b) Time of noise exposure 
   Site No. 
  Whole A B C D 
06:00 ~ 09:00 28.5 41.0 32.0 18.0 23.0 
09:00 ~ 12:00 4.5 3.0 2.0 7.0 6.0 
12:00 ~ 18:00 3.3 4.0 2.0 4.0 3.0 
18:00 ~ 20:00 9.0 10.0 2.0 16.0 8.0 
20:00 ~ 06:00 54.8 42.0 62.0 55.0 60.0 
Total 100.0 100.0 100.0 100.0 100.0 
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An experimental study of psychophysiological responses to floor 
impact sounds 
Pyoung Jik LEE1; Sang Hee PARK2 
  Acoustics Research Unit, School of Architecture, University of Liverpool, UK 
ABSTRACT 
The present study investigates the adverse effects of floor impact noise using both subjective and 
physiological methods. A total of 21 subjects participated in the experiments and they were instructed 
to press a button when they noticed a sound and rate noise annoyance. Heart rate (HR), electrodermal 
activity (EDA), and respiration rate (RR) were measured while subjects were exposed to floor impact 
sounds induced by real impact sources and standard heavyweight impact source ( impact ball). It was 
found that noise annoyance and noticeability were highly correlated with noise levels. The floor 
impact sounds caused by impact ball was found to be more noticeable than real impact sounds when 
A-weighted maximum noise levels (LAFmax) were greater than 35 dBA. The results showed that 
listening to floor impact noise lowered HR and raised EDA and RR. The results also indicated that 
EDA and RR were significantly affected by noise levels.  
 
Keywords: Floor impact sound, Psychophysiological responses I-INCE Classification of Subjects: 63.2, 62.5  
1. INTRODUCTION 
It is well known that noise has negative non-auditory health effects such as cardiovascular disease, 
blood pressure, and sleep disturbance (1, 2). Most previous studies have focused on environmental 
noise. Road traffic noise was found to have impacts on sleeping problems and subjective health 
complaints (3). It was also reported that road traffic and aircraft noise caused adverse cardiovascular 
health effects (4). In contrast, few studies investigated the impact of building noise and noise from 
neighbours on health. Dissatisfaction with neighbour noise was associated with mental health risks 
(5) and annoyance caused by noise from neighbours was found to have negative effects on physical 
and mental health (6). However, no one attempted to investigate the influences of floor impact noise 
on physiological responses although floor impact noise is a major source of noise complaints in 
apartment buildings (7) and it has a significant impact on health complaints (8). 
Moreover, most previous studies on floor impact noise have mainly used standard impact sources 
to generate noise stimuli (e.g., tapping machine and impact ball). In particular, impact ball has been 
frequently used (9-11) in the laboratory experiments. Although objective characteristics of the impact 
ball are similar to human footsteps (12), psychophysiological response might be different across types 
of impact sources (i.e. standard or real sources).  
The present study aims to examine psychophysiological responses to floor impact sound s through 
laboratory experiments. The floor impact noise were produced by standard impact source (i.e. impact 
ball) and real impact sources including human footsteps. The participants were asked to evaluate their 
perceptions of floor impact noise in terms of noticeability and noise annoyance. Three simple 
physiological measures (heart rate, electrodermal activity, and respiration rate) were also measured 
when the participants were exposed to the noise.  
2. Methods 
2.1 Noise stimuli 
A total of six different noise sources were used to cover all the impact noises  heard in apartment 
buildings. In general, noise sources were classified into real sources and standard impact source (i.e. 
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impact ball). Additionally, real sources were categorised into two groups according to their physical 
characteristics: 1) heavyweight impact sources and 2) lightweight impact sources. The heavyweight 
impact sources were human footsteps such as walking barefoot of an adult, running and jumping of a 
child, while lightweight impact sources were dropping of a toy and scraping of a chair. Frequency 
characteristics of the stimuli are shown in Figure 1. All the noises were dominated by low frequencies 
especially at 63 Hz and there were significant differences across the noise sources.  For laboratory 
experiments, noise levels (LAFmax) of stimuli were adjusted to range between 31.5 and 63 dB in 3.5 dB 
intervals but the spectral characteristics of the stimuli were not modified .  
 
Figure 1. Frequency characteristics of noise stimuli. 
2.2 Experimental design 
The experiment consisted of five sessions. Of these five sessions, four sessions had 15-minute 
durations and each session contained 10 or 11 noise stimuli. As listed in Table 1, three sessions 
(Session 1, 2, and 3) were designed to evaluate psychophysiological responses to noises induced by 
real impact sources and Session 4 aimed to evaluate the standard impact noises. Sessions 1 and 4 
covered the entire range of sound pressure level (31.5 to 63 dBA), whereas Sessions 2 and 3 had 
narrower ranges of the noise levels than Session 1 and 4.  
 
Table 1. Experimental sessions. 
Sessions 
Sound pressure level 
Noise sources 
LAFmax [dBA] LAE [dBA] 
1 31.5 ~ 63.0 49.72 
Real sources: child running/jumping, adult walking, 
dropping of a toy, chair scraping 
2 31.5 ~ 52.5 43.13 
Real sources: child running/ jumping, adult walking, 
dropping of a toy, chair scraping 
3 31.5 ~ 42.0 38.83 
Real sources: child running/jumping, adult walking, 
dropping of a toy 
4 31.5 ~ 63.0 46.81 Standard impact source: impact ball 
5 31.5 ~ 63.0 - Both standard and real impact sources 
In Sessions 1-4, all the stimuli had same durations of 23 seconds and each stimulus was 
interspersed with 50 seconds of silence. The stimuli were randomly presented through a loudspeaker 
to avoid order effects. The first and the last 2-minute silence periods were allocated for resting time. 
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Session 5 was designed to evaluate short-term noise annoyance of each stimulus and it contained 
noises caused by both standard and real sources. In Session 5, duration of each noise was eight-second 
and noise levels of stimuli varied from 31.5 to 63 dBA. An ambient noise was presented to each 
session from single loudspeaker located in front of the listener. The ambient noise was equalized to 
have a spectrum shape of noise criterion curve (NC-35) as a representative of typical ventilation noise.  
2.3 Measurements of psychophysiological responses  
Psychological responses to floor impact noise were assessed in terms of noticeability and noise 
annoyance. For noticeability, the participants were asked to press a response button when they hear d 
floor impact noise. Two different noise annoyance ratings were obtained. In Sessions 1-4, the 
participants were asked to rate their noise annoyance after the 15-minute sessions using an 11-point 
scale (0 = “Not at all” to 10 = “Extremely”). In Session 5, the participants evaluated the annoyance 
caused by short-term noise exposure of each noise stimulus using magnitude estimation technique. A 
reference noise of 42 dBA was presented to the participants before they listened to each noise stimulus. 
They rated noise annoyance of stimulus by assuming annoyance caused by the reference was 100.  
In the present study, three simple physiological measures were adopted: 1) heart rate (HR) 
expressed in beats per minute (BPM), 2) electrodermal activity (EDA) expressed in microsiemens 
(μS), and 3) respiration rate (RR) expressed in beats per minute (BPM). All the physiological 
responses were recorded on a laptop computer using a MP 150 WSW digital acquisition system 
(BIOPAC Systems) and were analysed using AcqKnowledge 4.4 (BIOPAC Systems). The  HR was 
derived from the raw data of electrocardiograph (ECG), while the ECG was measured with electrodes 
attached to each participant’s right wrist and both ankles. The EDA was measured using electrodes 
attached to the index finger and middle finger of the right hand. The RR was computed from the raw 
data of respiration, which was measured with a respiration transducer belt worn around the chest. The 
respiration transducer belt records respiration data by measuring changes in thoracic circumference 
which occur as one breathes.  
2.4 Procedure 
The experiments were conducted in an audiometric booth where the background noise level was 
approximately 25 dBA. For precise measurements, all the electrodes were first attached to the 
participant’s body (right wrist, two fingers of the right hand, and both ankles) to make sure that the 
gel on each electrode was fully absorbed to skin before the experiment started. Twenty one participants 
who had experienced exposure to noise from neighbours were invited. The participants were asked to 
have a seat facing two loudspeakers and a training session was carried out prior to the start of the 
sessions. The training sessions was 3-minute long and consisted of noises produced by both real and 
standard impact sources. The subjects attended the five sessions on two separate days and the sessions 
were randomly presented. The participant was asked to read an e-book using a tablet placed in front 
of them and asked to imagine they were taking a rest in their own houses.  
2.5 Data analysis 
In the present study, percentage change (%), which is the percentage of change from baseline to 
noise exposure, was computed to adjust all the different physiological responses (13-15). Differences 
in the mean values were tested with the Wilcoxon signed-rank test to estimate the significance of the 
differences in the psychophysiological responses between real and standard impact sources. Repeated 
measures analysis of variance (ANOVA) was also used to investigate the effect of noise level and 
source type on the physiological responses. 
3. Results 
3.1 Psychological responses 
Figure 2 shows the noticeability of floor impact sounds as a function of LAFmax. Differences between 
the noises caused by standard impact source and real sources were found in the region above 35 dBA. 
The differences between two sources gradually increased with the increase of noise level but 
statistically significant differences were found only at two levels (at 42.0 dBA, p < 0.01 and at 49 
dBA, p < 0.05). 
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Figure 2. Noticeability as a function of LAFmax across types of noise sources (standard or real impact sources).  
 
As shown in Figure 3(a), noise annoyance ratings increased as noise level increased for both 
standard and real sources. Differences between standard and real sources were found;  the ratings of 
standard impact source were consistently higher than those of real impact sources. The statistical 
analysis confirmed that the differences between two sources were statistically significant at all levels. 
As shown Figure 3(b), the mean annoyance ratings of the Sessions 1-4 were slightly different across 
the sessions. The greatest annoyance rating was found in the Session 4 which contained noises by the 
standard impact source. In contrast, the Session 3 with real impact sources showed the lowest noise 
annoyance rating due to narrow range of noise levels. The Wilcoxon signed-rank tests revealed that 
the mean annoyance ratings of four sessions were all significantly different (p < 0.01). 
 
                          (a)                                     (b)  
Figure 3. Noise annoyance ratings a) as a function of LAFmax across types of noise sources (standard or real 
impact sources) b) for Sessions 1-4. Error bars indicate standard deviations. 
3.2 Physiological responses 
The results of psychological responses revealed that more than half of the participants did not 
notice floor impact noises below 38.5 dBA (LAFmax). Therefore, the noises at 31.5 dBA and 35.0 dBA 
were excluded from analyses of physiological responses. Figure 4 shows the mean percentage changes  
of HR, EDA, and RR after noise exposures. Overall, the mean HR decreased but EDA and RR 
increased when noise stimuli were presented. For HR, the change due to real impact sources were 
slightly greater than that of standard impact source. The EDA and RR showed opposite tendencies, 
that is, the standard impact source led to greater change than real sources. However, the differences 
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between standard and real impact sources were not statistically significant  for all physiological 
measures.  
 
Figure 4. Mean percentage changes of physiological responses across types of noise sources (standard or real 
impact sources). 
 
Figure 5 presents the changes of HR, EDA, and RR as a function of LAFmax. Repeated measured of 
ANOVA was used to estimate the significance of differences in changes of phys iological responses 
across types (standard or real sources) and sound pressure levels. The main effects of source types on 
the physiological responses were not significant, whereas noise level had significant influences on 
EDA and RR. The interaction between source type and noise level significantly affected EDA, whereas 
HR and RR were not influenced by the interaction. Correlation analysis revealed that only RR 
response to real impact noise significantly correlated with noise annoyance measured using the 
magnitude estimation technique. 
 
Figure 5. Physiological responses as a function of LAFmax across types of noise sources (standard or real impact 
sources). 
Mean percentage change of each physiological response to the Sessions 1-4 are presented in Figure 
6. For HR, the changes due to noise exposures were different across the sessions. The HR increased 
in Sessions 1 and 4, whereas it decelerated in Sessions 2 and 3. However, statistical differences in HR 
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were not found among four sessions. EDA decreased in all sessions; EDA values in the Sessions 1 and 
4 with same noise level variations were significantly different (p < 0.05). RR increased across all 
sessions and significant differences between the sessions were not found. All the physiological 
responses to the four sessions were not correlated with sound pressure levels and noise annoyance 
ratings. 
 
Figure 6. Physiological responses for Sessions 1-4. 
4. CONCLUSION 
The present study measured the participants’ subjective responses (noticeability and noise  
annoyance) and physiological responses (HR, EDA, and RR) once they were exposed to floor impact 
noises with different sources and sound pressure levels. It was found that noticeability increased along 
with increasing sound pressure levels and noise induced by the standard impact source led to higher 
noticeability than the real impact sources. Noise annoyance ratings also increased with increase of 
sound pressure level and annoyance ratings between noise sources were significant ly different. The 
physiological responses to each of the 23-second noise stimuli showed deceleration in HR, increase 
in EDA and RR during the noise exposure. Physiological responses were not affected by the source 
types (standard or real impact sources) but EDA and RR were influenced by noise levels. The 
physiological responses to entire noise sessions indicated that HR accelerated in the sessions which 
contained noise stimuli in higher sound pressure level. EDA declined in all sessions, while RR 
accelerated in all sessions. 
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ABSTRACT 
This paper summarises a series of studies focusing on neighbour noise, particularly floor 
impact noise mostly induced by footsteps. First, an in-depth interview was conducted to 
understand perception of floor impact noise and a conceptual model indicating the 
relationships between the key themes was developed. Second, a questionnaire survey was 
conducted to validate the aforementioned conceptual model. Significant relationships of 
annoyance and non-acoustic factors were found. Third, 24-hour noise measurements were 
performed in residential buildings to investigate sources, levels, lengths, and number of 
occurrences of neighbour noise. Major heavyweight impact sources and range of their noise 
levels were then identified. Fourth, two laboratory experiments were carried out to investigate 
annoyance and physiological responses to floor impact noise. Effects of acoustic and non-
acoustic factors on the responses were examined. Finally, a sentiment study was conducted 
to further examine the perception of floor impact noise. Effects of acoustic and non-acoustic 
factors on sentiment ratings and annoyance were explored. 
 
INTRODUCTION 
It has been known that environmental noise annoyance is affected by not only acoustic factors 
but also non-acoustic factors [1-4]. In particular, aircraft noise annoyance was found to be 
affected by frequency of over-flight and noise level [1], and annoyance caused by railway, 
aircraft, and road traffic noises was reported to be influenced by noise level [2]. Noise source 
is another significant factor that has been found to influence environmental noise annoyance 
[3-5]. In addition, noise sensitivity has been reported to affect environmental noise annoyance 
including road traffic or aircraft noise annoyance [6-8]. Moreover, attitude towards either noise 
or noise source has been known as a significant factor affecting annoyance [9-11]. Despite a 
number of studies have reported the impact of environment noise on health, few studies have 
dealt with building noise [12-14]. Noise source was found to affect dwelling noise annoyance 
[12; 13] and noise sensitivity significantly altered annoyance caused by noises in residential 
buildings [14].  
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A series of studies were conducted to understand how residents in multi-family residential 
buildings react to neighbour noise using different research methods. Firstly, a qualitative study 
was conducted to understand people’s responses when they are exposed to neighbour noise 
in their homes. The findings from the qualitative study were then validated by the second 
study using a quantitative method. Next, noise sources, noise levels, lengths, and number of 
occurrences of major noise events in real residences were identified through field 
measurements. In addition, two laboratory experiments were designed based on the previous 
findings and conducted to investigate physiological responses, annoyance, and sentiment 
changes induced by floor impact noise. Real impact sources as well as standard impact 
source were used in the laboratory experiments. 
 
PERCEPTION OF AND REACTIONS TO FLOOR IMPACT NOISE 
A qualitative study was carried out in order to gain knowledge of how people react when they 
are exposed to neighbour noise in multi-family residential buildings [15]. From in-depth 
interviews with a sample of adults, key themes and categories were identified using a 
methodology of grounded theory [16]. The identified themes and categories were then used 
for developing a conceptual model explaining responses to floor impact noise. 
Conceptual model 
In-depth interviews were conducted with residents (N=14) who lived in multi-family residential 
buildings. The methodology of grounded theory was adopted as it allows substantial data and 
insight in research data to be yielded, and is useful to comprehend underlying mechanisms of 
certain phenomena. The interview questions were open-ended and depended on responses of 
the interviewees. Each interview was manually coded line by line using the interviewee’s own 
words and immediate expressions. The codes were classified into several themes, and those 
with significant relationships and similarities were grouped together in higher-order categories. 
No new insight was obtained after the interview of the 13th participant, and theoretical 
saturation [16] was thus considered to have been attained after one additional interview. The 
numerous processes of the manual and computerised coding enabled a comprehensive 
analysis of the data and an identification of the core themes and categories. 
The identified themes were grouped into four key categories (noise exposure, noise 
perception, noise reaction, and intervening conditions). Of the four categories, the term 
‘intervening conditions’ included underlying psychological factors that were observed to 
interact with the other categories [16]. A conceptual model (Figure 1) was then developed 
mainly based on previously suggested models of environmental noise [17-19]. This model 
illustrates relationships among the identified themes under the four categories. Three 
categories are illustrated to be tied in a loop, and ‘intervening conditions’ is reciprocally related 
to this whole loop. It implies ‘intervening conditions’ have inter-relationships with all the other 
themes in other categories. Similar to previous studies [26-28], the themes under ‘intervening 
conditions’ were found to be closely and reciprocally linked to the themes under the other 
categories. It was also found that attitudinal factors and noise sensitivity have close 
relationships with the themes under the other categories such as annoyance and coping, 
confirming the previous findings from environmental noise [18-21]. Another extended finding of 
this study is the effects of ‘intervening conditions’ on noise exposure. Some participants 
reported that their neighbours produced retaliatory (revengeful) noise after they complained 
about the noise. Thus, it was hypothesised that a problematic relationship with upstairs 
neighbours (which is regarded as one of the attitudes to neighbours) may increase the 
occurrence of retaliatory noise from upstairs. 
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Figure 1: Conceptual model of perception and reaction to floor impact noise [15] 
 
RELATIONSHIP BETWEEN FLOOR IMPACT NOISE ANNOYANCE AND 
NON-ACOUSTIC FACTORS 
A quantitative study was carried out in order to test the previously developed conceptual 
model [22]. The hypothesised causal model was validated using structural equation modelling 
(SEM) with survey data from residents living in multi-family residential buildings. 
 
Testing the conceptual model 
A causal model was hypothesised based on the previously developed conceptual model. A 
social survey was then designed to contain question items about noise sensitivity, 
disturbance, annoyance, health complaints, coping, and attitudinal factors. The responses 
from the survey (N=487) were analysed using structural equation modelling. This statistical 
procedure was chosen since it estimates multiple and interrelated relationships 
simultaneously, calculates measurement error in the estimation process, and describes a 
model which explains the entire set of relationships [23].  
As shown in Figure 2, four of six hypothesised paths were statistically significant. It was found 
that noise sensitivity increased disturbance; disturbance increased annoyance. Annoyance 
also significantly affected both coping and health complaints as previous theoretical and 
empirical studies on environmental noise have suggested [17-21]. However, contrary to 
previous empirical studies [20; 21], two attitudinal factors had no significant impacts on coping. 
This might be explained by three reasons. First, different measurement of coping was used. 
Contrary to the previous studies which asked their participants about cognitive coping [20; 21], 
this survey focused on asking behavioural coping which was dominantly found in the previous 
interview study. Second, the noise sources were different. This study measured attitudes to 
noise source with which the participants can have personal relationships, whereas the noise 
sources of the other studies [20; 21] were aircraft and railway with which people cannot have 
personal relationships. The previous studies [20; 21] measured attitudes to noise sources by 
asking their participants about the importance or financial benefits of the noise sources; but 
this study asked the participants how close they were with their upstairs neighbours. Third, the 
relationships between authorities and the noise sources were different. The attitudes towards 
authorities assessed in this study were not of the kind that the others [20; 21]. The occurrence 
of aircraft and railway noise can be ascribed to relevant authorities such as airports, railway 
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institutes, or the governments since the noise sources are regarded as being run by the 
authorities; in contrast, the sources of floor impact noises are simply the upstairs neighbours. 
 
Figure 2: Tested structural equation model [22] 
 
NEIGHBOUR NOISE IN REAL RESIDENCES 
Noise measurements for 24 hours were carried out in real residences (N=26) to examine 
different sources of neighbour noise and their levels, lengths, and how many times they 
occurred [24].  
 
Noise sources, number of occurrences, lengths, and levels  
All noise measurements were carried out under unoccupied conditions. All windows were 
double glazed and closed during the measurements to minimise the effects of outdoor noise. 
All measurements were also conducted only during weekdays to avoid influences of 
neighbour’s daily activities on the recordings. Only noise events exceeding the threshold 
levels for day and night based on the WHO recommendation for dwelling noises were 
analysed: 35 dBA (LAeq) for day; 30 dBA (LAeq) and 45 dBA (LAFmax) for night. The threshold 
LAFmax for the daytime as 50 dBA was also adopted, in accordance with the domestic 
guidelines of the Korean Government. 
As shown in Figure 3, all noise sources were grouped into airborne and structure-borne 
noises. Of structure-borne noise sources, heavyweight and lightweight impact sources were 
identified. It was found that structure-borne noise sources occurred dominantly. The number of 
occurrences of movement of furniture (e.g., chairs, tables etc.) was the largest, followed by 
dropping of small items, children’s running, and adults’ walking; they accounted for 
approximately 80% of all the noise events. Low number of occurrences does not guarantee 
acoustic comfort in dwellings because this study only counted noise events exceeding 
threshold noise levels. In addition, lengths of the noise events were very diverse. Door 
banging was very short (median=3.3s), whereas noise from the plumbing system lasted longer 
(median=108s). Other sources such as musical instruments showed the largest duration 
(maximum=428.5s). Since each noise event lasted for different time length, the noise levels of 
each source were converted into an A-weighted sound exposure level (LAE), which is the 
equivalent sound level during the event normalised to a period of one second. As presented in 
Figure 4, PA system showed the highest median noise level, followed by voice of children 
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among the airborne noise sources. Among the structure-borne sources, hammering and door 
banging produced the highest and lowest median noise levels, respectively. 
 
Figure 3: Number of occurrences of different noise sources [24] 
 
 
Figure 4: A-weighted sound exposure levels (LAE) of different noise sources: airborne sound sources 
(grey boxes) and structure-borne sound sources (white boxes) [24] 
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ANNOYANCE AND PHYSIOLOGICAL RESPONSES TO FLOOR IMPACT 
NOISE 
Two laboratory experiments were conducted to examine annoyance and physiological 
responses to floor impact noise [25]. Both experiments introduced two different floor impact 
noises induced by a standard heavyweight impact source (i.e., an impact ball [26]) and real 
impact sources such as human footsteps. The participants (N=21) in the first experiment rated 
annoyance to 8-second noise stimuli and their physiological responses were measured when 
23-second noise stimuli were presented. The second experiment recruited 34 participants and 
presented 5-minute noise stimuli for measuring all the responses. In both experiments, three 
simple physiological measures were used: 1) heart rate (HR) expressed in beats per minute 
(BPM), 2) electrodermal activity (EDA) expressed in microsiemens (µS), and 3) respiratory 
rate (RR) expressed in beats per minute (BPM). Effects of noise levels, noise sources, noise 
sensitivity, and duration of noise exposure on psycho-physiological responses were 
investigated throughout the experiments. 
 
Annoyance 
Figure 5 shows the mean magnitude estimation of annoyance for 8-second noise stimuli. It 
was found that annoyance was affected by noise levels and noise sources. Annoyance 
increased as the noise level increased for both standard and real impact sources. Annoyance 
ratings of the standard impact source (i.e., an impact ball) were found to be consistently higher 
than those of the real impact sources (i.e., lightweight and heavyweight impact sources, such 
as dropping of a toy and human footsteps). It was notable that the standard deviation (error 
bars) also increased along with the increasing noise level for both sources. In addition, the 
differences between the two sources were significant at all levels.  
 
Figure 5: Magnitude estimation of annoyance rated to 23-second noise stimuli [25] 
Figure 6 shows the annoyance ratings for 5-minute noise stimuli which were measured by an 
11-point scale. Similarly, annoyance was affected by noise levels, noise sources, and noise 
sensitivity. Annoyance increased as the noise level increased for both the standard and the 
real impact sources. Annoyance ratings of the reference noise (road traffic noise, RTN) also 
increased along with the increase of the noise level. However, annoyance ratings of the 
standard impact source were consistently lower than those of the real impact sources. 
Statistical significances between the annoyance ratings of the standard and the real impact 
sources were found at 40 and 60 dBA. This is not consistent with the previous finding in 
Figure 5 indicating the opposite tendencies. This could be explained by different length of 
noise stimuli (8-second vs. 5-minute) and different presentation of the standard impact noise. 
In the first experiment, the standard impact noise stimuli were presented at regular intervals, 
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whereas the impact ball noises were edited to simulate the human footstep noise in the 
second experiment. 
 
Figure 6: Annoyance rated to 5-minute noise stimuli 
 
Physiological responses 
Physiological responses were significantly changed when the 23-second noise stimuli were 
presented in the first experiment. As shown in Figure 7, heart rate (HR) decelerated, 
electrodermal activity (EDA) increased, and respiratory rate (RR) accelerated. These changes 
imply that arousal status was experienced when the noise stimuli were presented [27]. Noise 
sources (standard vs. real) had no effect on the physiological responses, whereas different 
noise levels significantly affected changes in EDA and RR.  
 
Figure 7: Changes of the physiological responses when the 23-second stimuli were presented [25] 
Contrary to the first experiment, both noise levels and noise sources had no impact on the 
physiological responses when the 5-minute noise stimuli were presented in the second 
experiment. However, noise sensitivity and duration of noise exposure significantly affected 
the physiological responses. As presented in Figure 8, HR decelerated, EDA increased, and 
RR accelerated when the participants were initially exposed to the stimuli, indicating arousal 
status being experienced [27]; these changes were in agreement with the findings from the 
first experiment. Additionally, it was found that HR accelerated, EDA decreased, and RR 
decelerated as the duration of noise exposure increased. In other words, the longer the 
participants were exposed to the noise, the more their physiological responses habituated 
[28]. Moreover, differences between the low and high noise-sensitivity groups’ physiological 
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responses were significant. The low noise-sensitivity group showed smaller changes (smaller 
deceleration in HR, and smaller increases in EDA and RR) than the responses of the high 
noise-sensitive group. 
 
 
Figure 8: Changes of the physiological responses when the 5-minute stimuli were presented 
 
SENTIMENT ANALYSIS 
A sentiment analysis was conducted in order to further examine people’s emotion to floor 
impact noise. Participants were asked to rate anger, sadness, and annoyance when standard 
impact noise and real impact noise were presented at different noise levels. 
 
Sentiment and annoyance changes 
A number of sentiment lexicons were first collected from various data such as the transcripts 
of the in-depth interview [15], published reports, and online postings about floor impact noise 
complaints. A preliminary survey was performed with 223 residents living in multi-family 
residential buildings. A hierarchical clustering method was employed to classify the lexicons 
into two groups (i.e., anger and sadness). Top 20 lexicons were then chosen to be used as 
the final lexicons for the main study. The standard impact noise and the real impact noise 
were presented to participants (N=41) at different noise levels in the laboratory. The 
participants were asked to respond to a questionnaire presenting a list of lexicons related to 
anger and sadness when the noise stimuli were randomly presented. This study aimed to 
investigate the influences of noise levels, noise sources, and noise sensitivity on sentiment 
changes and annoyance. 
It was found that the anger and sadness were significantly affected by noise levels and noise 
sources. As presented in Figure 9, ratings of anger-lexicons and sadness-lexicons increased 
as the noise level increased. The responses to the real impact noise were constantly higher 
than those to the standard impact sources above 40 dBA and the differences of the anger 
between the two sources were significant above 40 dBA. The differences of the sadness 
between the two sources were also significant above 50 dBA. Annoyance was significantly 
affected by noise levels but not by noise sources. Similarly, annoyance increased with the 
increasing noise level for both sources and differences between the two sources were not 
observed. Noise sensitivity was correlated with annoyance ratings of the real impact noise and 
anger of the real impact noise. Other non-acoustic factors such as gender, age, length of 
residency did not have any relationship with the responses. In addition, annoyance had 
significant correlations with anger and sadness.  
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Figure 9: Changes of anger, sadness, and annoyance as the noise level increased 
Figure 10 illustrates the subjective ratings of low and high noise-sensitivity groups. All the 
ratings of the low noise-sensitivity group were consistently lower than those of the high-
sensitivity group. The differences between the two groups were significant across the ratings. 
 
 
Figure 10: Differences between low and high noise-sensitive groups’ mean ratings to anger, sadness, 
and annoyance 
 
CONCLUSION 
A series of studies were carried out in order to provide a further understanding of how people 
perceive and react to neighbour noise heard in their residences. A conceptual model 
explaining relationships among various factors was developed from the in-depth interviews; 
this model was then validated by the questionnaire survey. It was found that noise sensitivity 
had a significant influence on disturbance; disturbance had a significant impact on annoyance, 
and annoyance had effects on coping and health complaints. Field noise measurements 
reported that children’s running and adults’ walking noises were the most dominant 
heavyweight impact sources, while movement of furniture and dropping of small items were 
the most dominant lightweight impact sources. Two psycho-physiological experiments showed 
that noise levels, sources, and noise sensitivity significantly affected annoyance. Noise 
sensitivity was also found to significantly influence the physiological responses to floor impact 
noise. Sentiment analysis shows that ratings of anger and sadness increased as the noise 
level increased, and the ratings were affected by noise sources. Noise sensitivity was 
significantly correlated with annoyance and both sentiment lexicons (i.e. anger and sadness). 
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The present study only focused on heavyweight buildings (reinforced concrete) because they 
are the majority types of residential buildings in South Korea. It would be helpful to investigate 
lightweight buildings for a wider understanding of psycho-physiological responses to floor 
impact noise. Particularly, given that residents in South Korea live indoors without shoes, a 
comparative study between different life-styles (e.g., those who wear shoes indoors) would 
yield further insight into understanding dwelling noise. In addition, long-term responses in situ 
could provide a deeper understanding of psycho-physiological responses. 
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INFLUENCE OF NOISE SENSITIVITY ON PHYSIOLOGICAL 
RESPONSES TO FLOOR IMPACT SOUNDS 
Sang Hee Park and Pyoung Jik Lee  
Acoustics Research Unit, School of Architecture, University of Liverpool, Liverpool, L69 7ZN, UK 
email: P.J.Lee@liverpool.ac.uk 
Jeong Ho Jeong 
Building Materials & Environment Team, Fire Insurers Laboratories of Korea, 469-881, Korea 
This study investigated the changes in physiological responses to floor impact sounds under a 
laboratory condition. A total of 34 normal-hearing participants took part in the experiment and 
were categorised into two groups with low and high noise-sensitivity scores. The participants 
were exposed to five-minute floor impact sounds produced by a standard impact noise source (an 
impact ball) and a real impact noise source (human footsteps). For comparison, road traffic noise 
was used as a reference stimulus. After being exposed to each stimulus, the participants were 
asked to rate annoyance. During the experiments, heart rate (HR), electrodermal activity (EDA), 
and respiratory rate (RR) were measured. Annoyance was found to be influenced by noise level, 
noise source, and noise sensitivity. All physiological responses were found to be changed signif-
icantly due to noise exposure. HR decelerated, EDA decreased, and RR decelerated for five 
minutes of noise exposure. The physiological responses were significantly influenced by noise 
sensitivity. However, there were no significant effects of noise level or noise source on the phys-
iological responses. 
Keywords: floor impact sound, physiological responses, noise sensitivity 
1. Introduction 
Floor impact sounds have been reported to have significant influences on physical health problems 
as well as annoyance [1-3]. However, most previous studies about floor impact sounds have used 
self-report measurements such as a questionnaire survey or interviews [1-3]. In contrast, 
environmental noise’s effects on people have been examined not only by self-report measurements 
but also with objective methods (e.g., physiological measurements) [4, 5]. Therefore, this study aimed 
to adopt a physiological measurement as a research method because it could provide additional 
evidence to understand the adverse effects of exposure to floor impact sounds. 
Physiological parameters are responsive measures in various emotional states [6]. In particular, 
heart rate initially decelerates, electrodermal activity increases, and respiratory gets enhanced when 
emotion-evoking stimuli are presented [6, 7]. Several studies have introduced physiological measures 
to investigate the effects of sound stimuli via laboratory experiments [8-10]. There has been little 
attempt to examine the physiological responses to building noise. A recent study reported that heart 
rate, electrodermal activity, and respiratory rate were significantly changed after exposure to floor 
impact noise. However, the duration of sound stimuli (23 seconds) was too short to simulate the 
situations of real buildings and the impacts on non-auditory factors on physiological responses were 
not determined. 
Noise sensitivity has been recognised as one of the significant factors affecting annoyance [11, 
12]; thus, noise sensitivity was hypothesised to influence physiological responses. Since it is well-
known that noise level significantly increases self-rated annoyance [13, 14], it was also hypothesised 
that noise level would affect significant physiological changes. It addition, it was hypothesised that 
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physiological responses will vary across different noise sources [1, 15]. Furthermore, this study hy-
pothesised that duration would influence physiological response. 
This study aimed to investigate the effects of noise sensitivity on physiological responses to floor 
impact sounds. Floor impact noises were recorded in a testing building and field measurement was 
performed to record road traffic noise. The experiments were carried out in a laboratory with a group 
of adults to investigate changes in physiological responses. During the laboratory experiments, heart 
rate, electrodermal activity, and respiratory rate were measured, and the responses for the low and 
high noise-sensitivity groups were compared.  
2. Methods 
2.1 Stimuli 
The main noise stimuli of this experiment were floor impact sounds. These stimuli were indoor 
noises induced by a standard impact ball and human footsteps. The floor impact sounds were recorded 
in a test building constructed as a typical residential building in South Korea, with a low background 
noise level (25 dBA). The room where the recording was carried out was furnished with wooden 
flooring. An impact ball [16] dropped from one-metre height was recorded as a standard impact noise 
while an adult’s walking barefoot (70 kg) and a child’s running barefoot (24 kg) were chosen as the 
real impact noise as they were reported to be dominant sources in residential buildings [17]. The floor 
impact sounds were recorded using a head and torso simulator (Brüel & Kjæ r Type 4128C), posi-
tioned on the sofa in the receiving room downstairs. Noise levels of the floor impact sounds were 
fixed at 40, 50, and 60 dBA (LAFmax) because noticeability of floor impact sounds was less than 50% 
at levels below 40 dBA (LAFmax) [18]. 
In addition, road traffic noise was used as a reference stimulus representing an outdoor environ-
ment noise. The noise was recorded next to a motorway. A microphone (Behringer ECM8000) con-
nected to a digital recorder (ZOOM H4n) was positioned 2 m away from the motorway and 1.5 m 
above the ground. The width of the motorway was 11 m and the average vehicle speed was around 
60 km/h. Traffic flow fluctuated due to a roundabout located about 160 m away. A spectral filtering 
was applied to the recorded noise in order to simulate the noise being heard from indoors under the 
window closed condition. The closed window with a median degree of isolation was adopted [19]. 
Noise levels of the road traffic noise were fixed at 40 and 60 dBA (LAeq,5min). Their LAFmax were 48.8 
and 68.8 dBA, respectively. 
Fig. 1 shows frequency characteristics of the two floor impact sounds at 60 dBA (LAFmax) and the 
road traffic noise at 60 dBA (LAeq,5min). Compared to the road traffic noise, two floor impact noises 
had dominant sound pressure levels at low frequencies below 125 Hz. 
 
Figure 1: Frequency characteristics of the three types of stimuli. 
Contrary to a previous study [18] which used 23-second noise stimuli, the noise stimuli lasted for 
five minutes in this experiment in order to understand long-term changes in physiological responses. 
Two minutes of rest period (baseline) was followed by five minutes of noise exposure. All stimuli 
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were randomly presented in order to avoid any possible order effect. In general, sound reproduction 
through loudspeakers is not sufficient at low frequencies below 63 Hz. Therefore, sounds above 63 
Hz were reproduced by a loudspeaker (Genelec 8050A) and low frequency sounds below 63 Hz were 
presented by a subwoofer (Velodyne MicroVee) placed in front of the participants. A low-pass filter 
with a cut-off frequency of 63 Hz in the octave band was applied to sounds reproduced by the sub-
woofer. An additional loudspeaker was used for presenting an ambient noise at 31 dBA. 
2.2 Participants 
An online screening survey was conducted in order to examine potential participants’ noise sensi-
tivity. A link to the survey was sent to people via email who showed interest in participating in the 
experiment. They were asked to respond to 21 questions regarding noise sensitivity measurement 
[20]. A total of 34 participants with normal-hearing were chosen based on their responses. Partici-
pants included 13 males and 21 females, aged between 30 and 48 (mean=38.8; std. deviation=5.3). 
Half were in their 30s and the other half were in their 40s. The median noise sensitivity score of the 
low noise-sensitivity group was 61 (std. deviation=6.6) while the high noise-sensitivity group’s score 
was 99 (std. deviation=5.9). The number in each group was the same (N=17). Thirteen participants 
were either not married or married but had no child, and the others reported that they had one or more 
child(ren). Results from the six questions about the participants’ attitudes to their upstairs neighbours 
indicated that 14 participants showed positive attitudes; however, 20 participants reported negative 
attitudes regarding their upstairs neighbours. The mean length of residency in current accommoda-
tions was three years; eighteen subjects had lived in their current residences less fewer than three 
years, while others had lived in their residences for more than three years. It was found that 12 par-
ticipants had experience of making noise complaints regarding noise from their upstairs neighbours.  
2.3 Procedure 
Annoyance was rated after the exposure to each stimulus. Annoyance rating was measured using 
an 11-point scale. In addition, three physiological responses were measured for the whole duration of 
rest periods and noise exposures: heart rate (HR), electrodermal activity (EDA), and respiratory rate 
(RR). All physiological responses were recorded via a data acquisition system (BIOPAC Systems 
MP150) and were analysed using AcqKnowledge 4.4 (BIOPAC Systems). Two wireless amplifiers 
were placed just outside the audiometric booth where in which the subject was seated in. The ampli-
fiers received all the measurement data via Bluetooth transmitting mode. HR was derived from raw 
electrocardiograph data which were measured using three electrodes attached to the subject’s right 
wrist and both ankles. EDA was measured using two electrodes attached to the subject’s index and 
middle finger of the right hand. RR was computed from raw respiration data which were measured 
through a respiration transducer belt worn around the subject’s chest. Due to the variations in the 
participants’ physiological responses, percentage changes (%) from baseline to noise exposure were 
calculated [21]. 
 Statistical analyses were performed using SPSS for Windows (version 22.0, SPSS Inc., Chicago, 
IL). Main effects of noise levels, type of sources, and duration were assessed using repeated measures 
analysis of variance (ANOVA) and Wilcoxon signed ranks test was used to estimate significance of 
differences between different noise levels and noise sources. Mann-Whitney test to compare differ-
ences between the two groups of noise sensitivity. In the present study, p values less than 5% (p<0.05) 
were considered as statistically significant. 
3. Results 
As shown in Fig. 2, noise annoyance increased for all the noise sources as the noise level increased. 
The effect of noise level on annoyance was found to be significant [F(1, 40)=77.20]. In addition, there 
was also a significant effect of noise source on annoyance [F(1, 33)=20.18]. It was found that annoy-
ance for the real impact noise was higher than the rating for the ball noise and significant differences 
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were found at 40 and 60 dBA (LAFmax). Higher annoyance of the real impact noise can be explained 
by the stimuli’s A-weighted sound exposure level (LAE); the real impact noise stimuli’s LAE were 
slightly higher (0.8~1.3 dB) than the ball noise stimuli. Annoyance for the road traffic noise at 40 
dBA (LAeq,5min) was close to those for the ball and real impact noises at 50 dBA (LAFmax) because 
LAFmax of them were similar. Likewise, as the LAFmax of road traffic noise at 60 dBA (LAeq,5min) was 
greater than all other stimuli, annoyance rating for this stimulus was found to be the biggest. 
 
Figure 2: Mean annoyance to difference noise sources at all noise levels. 
Fig. 3 describes how annoyance ratings were different between the low and high noise-sensitivity 
groups. Annoyance rated by the highly sensitive group was found to be higher than the low sensitive 
group’s annoyance. Moreover, the differences between the two noise-sensitivity groups seemed to 
grow bigger as noise level increased. This trend was consistent for all noise sources. It was found that 
there were significant differences between the two noise sensitivity groups when the ball noise was 
presented at 50 and 60 dBA (LAFmax) and the real impact noise at 60 dBA (LAFmax). There was no 
significant difference found between the two noise-sensitivity groups when the road traffic noise was 
presented. 
 
Figure 3: Mean annoyance of the two noise-sensitivity groups to difference noise sources at all 
noise levels. 
Mean changes in HR, EDA, and RR for the three noise sources for five minutes are plotted in Fig. 
4. All the physiological responses declined for five minutes. The changes from the baseline were 
statistically significant for all the physiological responses to all the noise sources. Specifically, mean 
HR for the ball noise was -1.02% and those for the real impact noise and the road traffic noise were 
-0.59% and -0.77%, respectively. The decreases of EDA were more than 3% for all the sources; EDA 
changed -3.81% for the ball noise, -3.10 for the real impact noise, and -3.64 for the road traffic noise. 
The changes in RR were -0.51% for the two impact noises and -0.58% for the road traffic noise. Mean 
RR changes were the smallest amongst the three physiological measurements.  
ICSV24, London, 23-27 July 2017 
 
 
ICSV24, London, 23-27 July 2017  5 
 
Figure 4: Mean physiological changes to difference noise sources. 
Fig. 5 shows mean changes in HR, EDA, and RR for different noise levels. Mean changes in HR 
showed similar tendencies across the sources, showing quite small changes with increase of noise 
level. In particular, HR responses to the real impact noise were almost constant within a range be-
tween 40 and 60 dBA (LAFmax). It was found that the effects of noise level and impact source type on 
HR were not statistically significant. Contrary to HR, mean changes in EDA seemed to increase for 
all the sources as noise level increased; however, the effects of noise level and impact source type 
were found to have no significant impact on EDA. Similar to the other responses, there were no 
significant impacts of noise level and impact source type on RR. However, for the road traffic noise, 
HR and RR were significantly changed while the noise level increased by 20 dBA (LAFmax). 
 
Figure 5: Mean physiological changes to difference noise sources at different noise levels. 
In order to examine the effect of noise sensitivity on physiological responses, mean changes of the 
low and high noise-sensitivity groups were compared in Fig. 6. Significant differences in HR between 
the groups were found for the ball and the real impact noises. The deceleration in HR of the high 
noise-sensitivity group was greater than that of the low noise-sensitivity group, thus suggesting that 
the highly noise sensitive participants exhibit greater changes in HR during the exposure to the floor 
impact sounds and road traffic noise. Mean changes in EDA appeared to be smaller for the highly 
sensitive participants for all noise sources. There was a significant difference between the two noise-
sensitivity groups when the ball noise was presented. Interesting tendencies were observed from the 
RR changes. The low sensitive group’s RR decelerated whereas the highly sensitive group’s RR ac-
celerated. In addition, significantly different RR were found when the ball and the real impact noises 
were presented. 
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Figure 6: Mean physiological changes of the two noise-sensitivity groups to difference noise 
sources. 
However, it is known that heart rate initially decelerates, electrodermal activity increases and 
respiration enhances when emotion-evoking stimuli are presented [6, 7]. Park and Lee [18] previously 
found deceleration in HR, increase in EDA, and acceleration in RR. Since their noise stimuli were 
more than ten times shorter than the stimuli used in this study, the additional data analysis was carried 
out in order to compare physiological changes with theirs [18]. As shown in Fig. 7, the changes in 
the physiological responses were in line with Park and Lee [18]. In addition, standard deviations 
(representing by the error bars) of the data measured for 30 seconds were much smaller than the 
responses during five minutes (see Fig. 4). 
 
Figure 7: Mean physiological changes of the two noise-sensitivity groups at different durations. 
Assuming there would be notable changes occurring within each physiological response during 
the five minutes of noise exposure, another analysis was carried out. Two more durations were 
examined (one-minute: 60 seconds, three-minute: 180 seconds) in order to examine the changes 
during the five minutes. Fig. 8 illustrates how the physiological responses changed during the noise 
exposure of five minutes. It was found that HR accelerated, EDA decreased, and RR decelerated as 
time increased. Fig. 8 also shows differences between the two noise-sensitivity groups. The highly 
sensitive group’s HR decelerated more than the other group and this trend was carried on along with 
the time. EDA and RR of the high noise-sensitivity group increased more than the low noise-sensi-
tivity group and these trends were consistent with the time. 
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Figure 8: Mean physiological changes of the two noise-sensitivity groups at different durations. 
4. Discussion 
This study revealed that annoyance was affected by noise level, noise source, and noise sensitivity. 
It was consistent with previous studies on floor impact sounds and environmental noise [1, 11-15, 
18]. However, physiological responses were not influenced by noise levels and noise sources. This 
showed a good agreement with Hume and Ahtamad [9] who reported that sound pressure level was 
not related to physiological responses. In addition, the physiological responses were affected by 
noise-sensitivity. Greater deceleration in HR, smaller decrease in EDA, and acceleration in RR were 
found from the noise sensitive group after noise exposure for five minutes. This result also confirmed 
a previous finding [22] of that exposure to low frequency noise caused alterations in cortisol levels 
among noise sensitive participants. 
All the physiological responses represented the arousal status at the initial stages of noise exposure 
and the responses habituated as the duration increased. An increase of HR change can be seen as 
habituation or a recovery phase after a certain degree of deceleration occurred by stimuli [23]. In-
creases in EDA and RR also indicate the experience of arousal and decreases indicate habituation or 
recovery [23].  
5. Conclusion 
This study investigated whether noise level, noise source, and noise sensitivity affect annoyance 
and physiological responses after noise exposure. In addition, changes in physiological responses 
were examined for different durations of noise exposure. The participants were exposed to floor im-
pact sounds induced by a standard impact source and human footsteps and traffic noise. Annoyance 
increased as noise level increased, and were affected by different noise sources and noise sensitivity. 
In addition, all the physiological responses were significantly changed when the participants were 
exposed to noise. The physiological responses showed that the participants experienced arousal status 
at the initial stages of noise exposure and habituated as time of noise exposure went by. Noise level 
and noise source did not have any impact on the physiological responses, whereas noise sensitivity 
was found to significantly affect physiological responses. The physiological responses of the noise 
sensitive participants changed more than the low noise-sensitivity group.  
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Effects of indoor and outdoor noise on residents’ 
annoyance and blood pressure 
Sang Hee Park 
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UK. 
Summary 
This study explored the relationships between responses to indoor and outdoor noises in multi-
family housing buildings. In particular, floor impact noise induced by neighbours as well as road 
traffic and railway noises were considered. Participants were recruited from three different 
apartment complexes in urban areas of South Korea. Three hundred residents (one hundred from 
each site) took part in the study. Each participant was asked to respond to a questionnaire survey 
and measure his/her blood pressure. The questionnaire contained questions about some of their 
socio-demographic characteristics, noise sensitivity, and annoyance caused by indoor noise (floor 
impact noise) and outdoor noise (road traffic noise and railway noise). All the participant V ¶   E O R R G 
pressures were measured in order to investigate whether the exposure to the noise have adverse 
cardiovascular health effects. Some variables such as noise sensitivity were also examined if they 
have significant influences on the annoyance ratings and blood pressure. It was found that 
annoyance ratings to both indoor and outdoor noises were associated with blood pressure. Moreover, 
self-reported noise sensitivity was found to be significantly correlated with the annoyance ratings 
and blood pressure. 
PACS no. 43.50.Qp, 43.64.Ri 
 
 
1. Introduction 
Floor impact noise is one of the most annoying 
indoor noise in multi-family housing buildings [1, 
2]. It has been reported that exposure to floor 
impact noise adversely affects psychological and 
physical health [3, 4]. A series of scientific 
investigations have been conducted to examine 
the effects of exposure to floor impact noise on 
physiological responses. A recent study has found 
that exposure to floor impact noise induces 
significant changes in physiological responses 
[5]. More precisely, electrodermal activity and 
respiration rate significantly increased and heart 
rate decreased after the presentation of floor 
impact noise stimuli [5]. The physiological 
changes subsequent to noise exposure indicate 
that the subjects experienced arousal status due to 
the noise stimuli [5]. Another laboratory study 
further investigated the influence of noise 
sensitivity on the physiological responses and 
demonstrated clearer changes of physiological 
responses from the noise sensitive subjects [6]. 
Although all physiological responses recovered 
within five minutes of noise exposure, the study 
established that recovery in the heart rate was 
slower than other physiological recoveries [6]. 
However, no attempts were made to investigate 
the effects of floor impact noise on health on site. 
In contrast to building noise, research on 
environmental noise has demonstrated a 
significant link between noise exposure and 
cardiovascular risks [7, 8]. Particularly, it 
corroborates that noise level and length of noise 
exposure increase blood pressure [9-11]. 
Additionally, evidence reveals higher 
cardiovascular risk among individuals who 
reported higher noise annoyance [12].  
Consequently, the present study examined the 
relationship between floor impact noise and blood 
pressure to further determine the potential 
association between noise exposure and 
cardiovascular risks. As research on building 
noise is limited, this study attempted to measure 
 U H V L G H Q W V ¶   D Q Q R \ D Q F H   D Q G   E O R R G   S U H V V X U H with the 
information obtained from respondents on indoor 
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and outdoor noises at their homes. The study 
examined the following hypotheses: 
▪ H1: Annoyance of indoor and outdoor noises 
is associated with changes of blood pressure. 
▪ H2: Annoyance of outdoor noise influences 
annoyance to indoor noise (vice versa). 
▪ H3: Some other variables (e.g. noise 
sensitivity) are associated with noise 
annoyance and blood pressure. 
 
2. Methods 
2.1. Sites 
Three apartment complexes (Sites A, B, and C) in 
two satellite cities in South Korea, were selected 
for the study. The buildings had heavyweight 
structures and slab thicknesses of 150, 180, and 
210 mm, respectively. The Sites A, B, and C were 
constructed in 1994, 2002, and 2009, respectively, 
and the number of housing units varied from 262 
to 1827. All three sites were located in proximity 
to a railway track. Measured outdoor noise levels 
(LAeq, 24hr) at three to four building rooftops for 24 
hours were 50.6~57 dBA, 54~61 dBA, and 
52~64.8 dBA, respectively, for Sites A~C. 
2.2. Participants 
Three hundred residents (100 from each site) 
participated in this study. Participants were aged 
20 to 60 years old and mean age was 42.8 years 
old (Std. deviation = 10.47). Since this study 
involved blood pressure measurements, there 
were exclusion criteria for the participant 
recruitment in the following categories. 
▪ Persons below or over the following body mass 
index (BMI): 18.5 and 25 kg/m2; 
▪ Persons with cardiovascular, respiratory (e.g. 
asthma), diabetes mellitus, epilepsy, hearing 
loss, and musculoskeletal disorders; 
▪ Persons who take any heartbeat-affecting drug; 
▪ Persons with history of smoking, and past 
experience as a professional athlete. 
On arrival, all potential participants were asked to 
undergo a blood pressure test. Only participants 
with normal blood pressure that was neither in 
hypotension or hypertension ranges were allowed 
to take part in the study. Blood pressure criteria 
ranged from > 60 and < 90 mm Hg for diastolic 
blood pressure and > 90 and < 140 mm Hg for 
systolic blood pressure [13]. 
 3 D U W L F L S D Q W V ¶   Lnformation from each site is listed 
in Table I. Male and female participants were 
recruited almost evenly from each site. Most of 
the participants in the study were employed, with 
a majority reporting that they were in full-time 
employment. More than half of participants from 
Site B reported that they live with one or more 
children under the age of 12, while more than half 
from Sites A and C were not living with a child. 
Length of residency in the current house ranged 
from 33.7 to 141.1 months across the sites. Sites 
A and C had the longest and shortest length of 
residency, respectively, which was partially 
influenced by the age of building. 
 
 
Table I. Information of the participants.  
  Sites 
  A B C 
Age (years old) Mean 44.3 41.6 42.5 Std. deviation 9.6 11.2 10.5 
Gender (%) Male 46 46 56 Female 54 54 44 
Occupation (%) 
Full-time employed 64 54 45 
Part-time employed 14 10 21 
Self-employed 5 5 11 
Student 6 16 9 
Homemaker 11 15 11 
Unemployed 0 0 3 
Other 0 0 0 
Child(ren) under 12 years old at home (%) Yes 30 58 39 No 70 42 61 
Length of residency (months) Mean 141.1 107.6 59.2 Std. Deviation 78.3 42.5 29.0 
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2.3. Questionnaire 
Participants were asked to complete the survey 
questionnaire. The questionnaire included 
 L Q I R U P D W L R Q   R Q   S D U W L F L S D Q W V ¶ socio-demographic 
characteristics, length of residency, and self-
reported noise sensitivity [14]. Furthermore, 
participants were asked to provide information on 
major sources  R I   I O R R U   L P S D F W   Q R L V H    H  J    F K L O G ¶ V 
footsteps) and the time of the noise exposure that 
they heard the noise mostly. They were also asked 
to rate the degree of annoyance of individual 
indoor and outdoor noises (floor impact noise, 
road traffic noise, and railway noise). In addition, 
the degree of total annoyance caused by multiple 
outdoor noises was rated. All annoyance ratings 
were measured using an 11-point scale (0 =  µ  Q R W 
 D W  D O O ¶ ~ 10 =  µ  H [ W U H P H O \ ¶).  
2.4. Data analysis 
The data were analysed using SPSS for Windows 
(version 22.0, SPSS Inc. Chicago, IL). In order to 
compare groups, independent samples t-tests (e.g. 
difference between low and high noise sensitivity) 
and one-way analyses of variance (e.g. difference 
between the three sites) were carried out. 
Bivariate correlations were tested to examine the 
relationship between the variables (e.g. 
association between noise sensitivity and 
annoyance). In the present study, p values of less 
than 5% (p < 0.05) were considered as statistically 
significant. 
 
3. Results 
Firstly, the study examined the associations 
between indoor noise annoyance and blood 
pressure. It was found that annoyance ratings of 
floor impact noise had significant correlations 
with both diastolic blood pressure (r = .723, p < 
0.01) and systolic blood pressure (r = .719, p < 
0.01). Furthermore, the participants were 
classified into low and high floor impact noise 
annoyance groups (149 and 151 for low and high 
groups, respectively) and independent-samples t-
test was then conducted to compare blood 
pressures across groups. As show in Figure 1, the 
high annoyance group presented higher diastolic 
and systolic blood pressures with significant 
differences between the groups. 
Secondly, the association between outdoor noise 
annoyance and blood pressure was investigated. It 
was found that outdoor noise annoyance had 
significant correlations with both diastolic blood 
pressure (r = .488, p < 0.01) and systolic blood 
pressure (r = .438, p < 0.01). Participants were 
also grouped into low and high total annoyance 
groups (197 and 103 for low and high groups, 
respectively) and independent-samples t-test was 
then conducted to compare blood pressures across 
groups. As show in Figure 2, the high annoyance 
group exhibited higher diastolic and systolic 
blood pressures and the differences between the 
groups were statistically significant. 
Thirdly, the relationship between annoyance 
ratings of indoor noise and outdoor noises was 
assessed. The annoyance rating of floor impact 
noise was significantly correlated with the 
annoyance ratings of road traffic noise (r = .150, 
p < 0.01), railway noise (r = .227, p < 0.01) and 
total annoyance (r = .225, p < 0.01); however, the 
correlation coefficients were relatively small.  
In order to explore the impact of other variables 
on noise annoyance and blood pressure, the 
present study compared the annoyance rating of 
floor impact noise across different groups. Figure 
3a shows annoyance ratings of floor impact noise 
across the three sites. It was hypothesised that the 
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Figure 1. Blood pressure between low and high floor 
impact noise annoyance groups. * p < 0.05, **  p < 
0.01. 
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age of buildings and slab thickness would affect 
the annoyance ratings of floor impact noise; 
however, one-way analyses of variance confirmed 
that there was no significant difference between 
the sites (F(2,296) = .834, p = .436). Participants 
were classified into low and high noise sensitivity 
groups based on their self-reported noise 
sensitivity scores. The mean score for the low 
noise sensitivity group was 66.9 (Std. deviation = 
6.56), while the score for the high noise sensitivity 
group was 93.6 (Std. deviation = 6.76). This study 
found that the annoyance ratings of floor impact 
noise for low and high noise sensitivity groups 
were significantly different (Figure 3b). The high 
noise sensitivity group displayed higher 
annoyance ratings than the low noise sensitivity 
group; mean annoyance ratings were 1.1 and 7.4 
for the low and high noise sensitivity groups, 
respectively. Additionally, noise sensitivity was 
established to have notable influence on blood 
pressure. As presented in Figure 4, significantly 
different diastolic and systolic blood pressures 
were found between the low and high noise 
sensitivity groups. 
As listed in Table II,  F K L O G U H Q ¶ V  I R R W V W H S V  Z H U H  W K H 
most dominant source of heavyweight floor 
impact noise preceding  D G X O W V ¶   I R R Wsteps, and 
furniture scraping. In addition, night-time  
(between 20:00 and 06:00) was the most dominant 
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Figure 2. Blood pressure between low and high total 
annoyance groups. * p < 0.05, **  p < 0.01. 
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Figure 3. Annoyance to floor impact noise compared 
between different groups. * p < 0.05, **  p < 0.01. 
 µ}v}] îìíô r  }v(v  W}]vP
r  ð ï ô   r
  
time of noise exposure, which preceded early 
morning (06:00 to 09:00) and morning (09:00-
12:00). Annoyance ratings of floor impact noise 
were compared across dominant sources of noise  
(heavy and lightweight impact noise sources) and 
dominant noise exposure time (night/morning 
time and day/evening time); nevertheless, no 
significant difference was found between groups. 
4. Discussion 
This study validates a significant association 
between annoyance caused by floor impact noise 
and blood pressure. This result further expands the 
previous work on environmental noise which 
demonstrated a significant relationship between 
cardiovascular risk and noise annoyance [12]. In 
addition to previous research findings which 
reported significant changes in heart rate caused 
by floor impact noise in laboratory experiments 
[5, 6], there is an implication that floor impact 
noise adversely affects cardiovascular health. 
Moreover, this study substantiates previous 
evidence between traffic noise and blood pressure 
[9-12] and corroborates that total annoyance of 
outdoor traffic noises significantly impacts blood 
pressure. 
Noise sensitivity has been reported as a significant 
factor that increases annoyance caused by indoor 
noise including floor impact noise [3, 4, 15]. In 
line with previous research, the present study also 
found that noise sensitivity had a significant 
impact on annoyance ratings of floor impact 
noise. Furthermore, it was found that noise 
sensitivity significantly affected blood pressure. 
This finding is in agreement with an recent 
laboratory experiment [6], reporting that noise 
sensitivity has a significant influence on 
physiological responses (e.g. heart rate) during 
exposure to floor impact noise and road traffic 
noise. Noise sensitive people exhibited substantial 
changes and slower recovery in physiological 
responses, compared with those with low noise 
sensitivity. 
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Figure 4. Blood pressure between low and high noise 
sensitivity groups. * p < 0.05, **  p < 0.01. 
Table II. Frequency percentages of major noise source and time of noise exposure. 
   Percentage [%] 
   Whole Site A Site B Site C 
Major 
noise source 
Heavyweight Child 40.5 32.0 53.0 37.0 
Adult 23.3 26.0 18.0 26.0 
Lightweight Furniture scraping 12.0 10.0 14.0 12.0 
Items dropping 12.0 15.0 10.0 11.0 
Door banging 7.0 15.0 0 6.0 
Plumbing 4.7 2.0 4.0 8.0 
       
Time of 
noise exposure 
06:00-09:00 30.2 41.0 32.0 18.0 
09:00-12:00 4.0 3.0 2.0 7.0 
12:00-18:00 3.3 4.0 2.0 4.0 
18:00-20:00 9.0 10.0 1.0 16.0 
20:00-06:00 52.8 42.0 62.0 55.0 
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The present study found that heavyweight impact 
sources such as ch L O G   D Q G   D G X O W ¶ V   I R R W V W H S V   D U H 
major sources of noise in apartment buildings. 
This is also in agreement with previous studies in 
which heavyweight impacts were dominant 
sources of floor impact noise [4, 16]. Jeon, Ryu, 
Jeong and Tachibana [16] reported that footsteps 
were the most frequent noise source in multi-
family housing buildings, particularly those 
induced by children aged between 6 and 9 years. 
On the other hand, on-site noise measurements 
indicated that the actual number of occurrences of 
heavyweight impact noise was lower than 
lightweight impact noises [17]. The analysis of 
24-hour noise measurements in 26 residences 
demonstrated that furniture scraping noise (i.e. 
lightweight impact noise) accounted for 27.8% of 
total noise incidents, followed by items dropping 
n R L V H                   F K L O G U H Q ¶ V   U X Q Q L Q J                   D Q G 
 D G X O W V ¶   Z D O N L Q J                [17]. This implies that 
the actual number of occurrences of noise 
incidents does not reflect perceived noise 
incidents.  
Most of the participants in this study reported 
noise exposure between 20:00 and 09:00, which 
was in line with a previous qualitative study in 
which a considerable number of noise complaints 
were found to be related to night time or early in 
the morning [4]. However, the on-site noise 
measurements also showed that the number of 
noise incidents was the lowest between 23:00 and 
07:00. This again implies that  U H V L G H Q W V ¶  D F W L Y L W L H V 
and background noise level might have affected 
perceived noise incidents. Firstly, given that night 
or morning time is likely to be associated with 
sleeping or resting, the residents may more 
concentrate on hearing compared with daytime. 
Consequently, they may exhibit stronger 
annoyance to the noise incidents that disturb their 
sleeping or resting [3, 4, 17]. Secondly, relatively 
low outdoor noise during this time may contribute 
to a higher signal-to-noise ratio than at other times 
of the day; thus, the residents may hear clearer 
incidents of floor impact noise. However, contrary 
to existing research on environmental noise [18, 
19], evidence of the influence of background 
noise on indoor noise annoyance is still limited. 
Hence, future research should explore the 
association between ambient noise levels, 
annoyance, and blood pressure.  
 
 
5. Conclusions 
The present study aimed to investigate 
relationships between indoor and outdoor noise 
annoyance and blood pressure. In addition, this 
study explored additional significant factors 
which have impacts on the annoyance ratings and 
blood pressure. A total of 300 residents from three 
apartment complexes in South Korea participated 
in this study. This study employed survey 
questionnaires and requested the participants to 
rate their degree of annoyance perceived by 
individual indoor and outdoor noises; in 
particular, they were floor impact noise, road 
traffic noise, and railway noise. The participants 
were also asked to rate their total annoyance 
caused by multiple outdoor noises. Before and 
after the survey, their blood pressures were 
measured in order to examine their physiological 
reactions to noise. It was found that blood 
pressure was significantly associated with 
annoyance caused by not only floor impact noise 
but also all outdoor noises. Furthermore, it was 
found that noise sensitivity significantly 
correlated with the annoyance ratings and blood 
pressure. Although each of the sites had different 
slab thicknesses, it was found that floor impact 
noise annoyance was not significantly different 
between the sites. In addition, type of major noise 
source and time of noise exposure did not have 
any significant links with annoyance and blood 
pressure. 
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